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Abstract
The advent of rectenna systems almost half a century ago has enabled numerous appli-
cations in a number of areas, with the main goal of recycling the ambient microwave energy.
In previously presented rectennas, microstrip antennas were the main energy source used
to capture and convert microwaves to AC power. However, the conversion efficiency of
antennas have never been examined in terms of their capability of absorbing microwave
energy, and hence any enhancements to the overall efficiency of rectenna systems were
mainly attributed to the rectification circuitry instead of the antenna.
In the first part of this dissertation, a novel electromagnetic energy collector is pre-
sented, consisting of an array of Split Ring Resonators (SRRs), used for the first time
as the main electromagnetic source of energy in a rectenna system. The SRR array is
compared to an array of patch antennas to determine the radiation to AC efficiency when
both arrays are placed on the same footprint. Numerical simulations and experimental
tests show that the SRRs achieve higher efficiency and wider bandwidth than microstrip
antennas. The idea of electromagnetic energy harvesting using metamaterials is further
explored by designing a metamaterial slab based on the full absorption concept. The
metasurface material parameters are tuned to achieve a surface that is matched to the free
space impedance at a certain band of frequencies to minimize any reflections and ensure full
absorption within the metasurface. The absorbed energy is then channeled to a resistive
load placed within each element of the metasurface. Different from previous metasurface
absorber designs, here the power absorbed is mostly dissipated across the load resistance
instead of the substrate material. A case study is considered where the metamaterial slab
is designed to operate at 3 GHz. The simulation and experimental results show radiation
to AC efficiencies of 97% and 93%, respectively.
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A novel method is proposed in the second part of the thesis that significantly increases
the conversion efficiency of electromagnetic energy harvesting systems. The method is
based on utilizing the available vertical volume above a 2-D flat panel by vertically stacking
panels while maintaining the same 2-D footprint. The concept is applied to SRRs and
folded dipole antennas. In both cases, four vertically stacked arrays are compared to a
single array panel, both occupying the same flat 2-D footprint in terms of power efficiency.
The numerical and experimental results for both the SRRs and the antennas show that the
stacking concept can increase the conversion efficiency by up to five times when compared
to a single 2-D flat panel.
The third part presents the design of a near unity electromagnetic energy harvester that
uses a Tightly Coupled Antenna array. Compared to the unit cell of metamaterial surfaces,
the dimension of a TCA unit cell is about five times larger, thus providing simplified
channeling networks and cost-effective solutions. The TCA surface contains an array of
Vivaldi shape unit cells with a diode at each cell to convert the harvested electromagnetic
energy to dc power. The dc power from each unit cell is channeled to one single load via
series inductors. A sample 4× 4 TCA array, when simulated, fabricated and tested shows
solid agreement between the simulated and measured results.
The thesis then discusses the idea and design of a dually polarized metasurface for elec-
tromagnetic energy harvesting. A 4× 4 super cell with alternating vias between adjacent
cells is designed to allow for capturing the energy from various incident angles at an oper-
ating frequency of 2.4 GHz. The collected energy is then channeled to a feeding network
that collects the AC power and feeds it to rectification circuitry. The simulation results
yield a radiation to AC, and AC to DC conversion efficiencies of around 90% and 80%,
respectively. As a proof of concept, an array consisting of nine super cells is fabricated and
measured. The experimental results show that the proposed energy harvester is capable
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of capturing up to 70% of the energy from a planewave with various incident angles and
then converting it to usable DC power.
As future work, the last part introduces the concept of metasurface energy harvesting in
the infrared regime. The metasurface unit cells consist of an H-shaped resonator with the
load placed across the gap of the resonator. Different from infrared metamaterial absorber
designs, the resonator is capable of not only full absorption but also maximum energy
channeling across the load resistance. The numerical simulation demonstrates that 96% of
the absorbed energy is dissipated across the load resistance. In addition, a cross-polarized
H-resonator design is presented that is capable of harvesting infrared energy using dual
polarization within three frequency bands.
vi
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1.1 Wireless Power Transfer: Types and Classifica-
tion
Electromagnetic energy harvesting is commonly discussed under the broad
topic of Wireless Power Transfer (WPT); in fact it is regarded as an appli-
cation of WPT systems. A general WPT system consists of transmitting
circuitry and a transmitter antenna for transmiting electromagnetic waves
at a specific frequency or range of frequencies. This electromagnetic wave
travels through a medium to a receiving system. The receiving system
consists of a receiving antenna and a receiving circuit, which together cap-
ture the incoming wave to perform a specific task depending on the desired
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application. This method transfers the power in the far field of the trans-
mitting antenna where the receiving antenna is placed several wavelengths
from the transmitting antenna. In another method of transferring electric
power wirelessly, two coils are placed electrically close to each other such
that the energy from one coil is coupled to that of the other coil in a manner
similar to that used in electrical transformers. Hence, WPT systems can be
classified in general into three main types: 1) Near field, 2) Mid field and
3) Far field WPT systems, as shown in the block diagram of Fig. 1.1.
The difference among the three types depends strictly on the separation
distance between the transmitter and the receiver. When the separation
distance is comparable to or less than the size of the transmitter, the trans-
mitter and the receiver experience strong near field coupling and thus it is
regarded as a near-field WPT system.
In the near field, the energy can be coupled either inductively or ca-
pacitively to the receiver. Figure 1.2 illustrates the components of the in-
ductively coupled WPT system. The inductive coupling method utilizes a
primary coil driven by an AC source that generates an alternating mag-
netic field. This magnetic field is then coupled to a secondary coil placed
at a distance less than the size of the coil. Therefore, the power transfer
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Figure 1.1: A block diagram showing the different classifications stemming from WPT
systems.
of the secondary coil to the injected power exciting the primary coil. This
efficiency is highly dependant on the quality factor of the coils, the strength
of the coupling between the coils (which is dictated by the separation be-
tween the two coils), and the alignment of the two coils [3,4]. This method
has proved to be very effective in biomedical applications where the energy




Figure 1.2: A schematic illustrating an inductively coupled WPT system.
Capacitive coupling utilize the electric field as the main energy carrier
instead of the magnetic field ;therefore, it can be regarded as the dual of
inductive coupling. In capacitive coupling, four metallic sheets are used to
form two capacitors as shown in Fig. 1.3. The use of the two capacitors is
essential to forming a closed loop by which the current flows from the source
to the desired load. The energy transferred between the capacitor plates
is based on the principle of displacement current. Hence, higher power
transfer can be achieved with higher displacement currents. These currents
can be realized by increasing the area of the capacitor plates;increasing the
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operating frequency, which consequently increases the rate of change of the
electric field; and/or increasing the dielectric permittivity of the medium
between the plates of the capacitors [6,7]. Electric vehicle battery charging
[8] and implantable biomedical devices [9] are examples of applications for




Figure 1.3: A schematic illustrating a capacitively coupled WPT system.
When the desired application requires a larger separation distance than
the radius of the transmitting coil, mid field WPT can be used, which is
based on the concept of resonance energy transfer [10]. In this method,
the transmitter consists of a driven loop excited by an RF amplifier and a
spiral coil made of N number of turns. Similarly, the receiver consists of a
spiral coil and a receiving loop terminated by a load having the same size
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and dimensions as the transmitter’s coil and exciting loop, as shown in Fig.
1.4. When the transmitter coil is excited by an RF source, a magnetic field
is generated, which will couple to the spiral coil. The spiral coil acts as an
RLC resonator oscillating at a specific frequency. The energy stored in the
transmitting coil is then coupled magnetically to the receiving coil through
the mutual inductance between them. This process induces a current in the
receiver loop, which then causes a voltage to develop across the terminated
load [11]. Charging consumer electronics [12], electric vehicles [13] and
biomedical implanted devices [14] are applications of the resonance energy
transfer method. In this thesis, the contribution is to the far field WPT,
and therefore it will be discussed in depth in the following sections.
1.2 Far Field WPT and Rectenna Systems: Mecha-
nism of Operation
In this thesis, the focus is on transferring the energy wirelessly in the far field
where the separation between the transmitter and the receiver is multiple
wavelengths apart and in some cases hundreds or thousands of wavelengths
away, as we will see in the feasible applications of such a system. A far











Figure 1.4: A schematic illustrating the setup in a magnetic resonance (mid field) WPT.
a receiver. The receiving part consists of an antenna to capture the elec-
tromagnetic radiative waves and convert it to AC power across the feed of
the antenna, and a rectifier to convert the AC power to DC power across
a terminating load. Because it is formed by integrating an antenna and a
rectifier, the receiver part is commonly referred to as rectenna system. A
block diagram of the individual constituents of a rectenna system is shown
in Fig. 1.5. In a rectenna system, an antenna is used to collect the electro-
magnetic energy from the ambient and convert it to AC power. A matching
network is then used in the pre-rectification stage to match the impedance
of the antenna to that of the diode impedance and to ensure maximum
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power transfer to the diode. A diode is then used to convert the AC power
to DC. In the microwave regime, a Schottky diode is commonly used for the
rectification process. In the infrared regime and beyond, however, a Metal
Insulator Metal diode (MIM) is used instead for its fast switching speed at
the operation frequency. At the post rectification stage, a DC filter is inte-
grated to smooth out the rectified AC power so that a constant DC power is
apparent across the terminated load. The most common application of far
field wireless power transfer is electromagnetic energy harvesting from the
ambient [15–17] and from space [18], which will be discussed in further de-
tail in section 1.4. From this point in the dissertation and beyond, only far
field WPT is discussed as it comprises the main area the author contributes
to.
Antenna RF Filter Diode DC Filter Load 
Figure 1.5: A block diagram showing the 5 components that form a rectenna system.
1.3 Historical Millstone
It could be argued that transferring power without wires dates back to the
early work of Michael Faraday in 1831. In his experiment, he was able to
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transfer energy from one coil to another without physical connection. This
discovery led to what is known now as Faraday’s law of electromagnetic
induction. A famous application based on his discovery is the electric trans-
former. However, due to the strong mutual inductive coupling required, the
coils must be placed in close proximity to each other limiting the feasibility
of using such devices to transfer energy over appreciable distances [19, 20].
A few decades later, James Clerk Maxwell predicted that electromagnetic
disturbances cause a wave to propagate through the ambient traveling at
the speed of light [21].
In 1888, Heinrich Hertz demonstrated Maxwell’s prediction of propaga-
tion of electromagnetic waves in free space. In his experiment, an induction
coil was used to charge the opposite halves of a dipole with high voltage.
This generated a spark across the gap of the dipole antenna. As a result,
propagation of electromagnetic waves was detected by a receiver made of
a loop antenna. He also used reflectors to help in directing the radiated
energy to the receiver [22]. This vital demonstration is regarded to be
the first experimental validation of Maxwell’s hypothesis of electromagnetic
propagation in free space travelling with the speed of light.
At the end of the 19th century, Nikola Tesla conducted another attempt
at wireless power transfer. The experiment apparatus included a huge coil
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resonating at 150 kHz and a 60 m pole placed over the coil. A sphere made
of 1 m diameter copper ball of was placed on top of the pole. A 300 kW
power with low frequency was used to excite the coil. Consequently, high
voltage of up to 100 MV was produced at the sphere. The generated high
sparks were used to light up 200 light bulbs at a distance from the base
station. At the dawn of the 20th century, many researchers were interested
in the concept of wireless power transfer, especially after the experiments
carried out by Tesla [23]. However, limitations on available high power and
high frequency energy sources were a barrier against effective wireless power
transmission over longer distances.
The modern era of WPT was sparked in 1950s when high power mi-
crowave tubes were developed, enabling efficient transmission of high power.
The first efficient WPT system was developed by William C. Brown in
1963 [22, 24]. He carried out an experiment using a transmitter that fed a
horn antenna with a power level of 400 W at the resonance frequency of 2.45
GHz. At the receiving part, a reflector was used to focus the received energy
to a focal point where the energy was collected by a diagonal horn antenna.
Using thermionic diodes, the energy was then converted back to DC with
an efficiency of up to 50%. This low efficiency was mainly attributed to the
losses of the thermionic diode used during the conversion of AC power to
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DC. Brown knew that it was essential to develop a more efficient diode to
boost the efficiency of the total system. In response to his interest, Hewlett-
Packard Associates developed the 2900 silicon Schottky-barrier diode having
smaller size, higher efficiency and better power-handling capabilities than
the thermionic diodes [25].
An important milestone in the history of transferring power wirelessly
over relatively long distances was an experiment conducted in 1975 in the
Mojave Desert. In the experiment, a transmitting parabolic antenna was
fed by a high powered klystron with a frequency of 2.4 GHz. The energy
transmitted by the parabolic antenna was picked up by a receiver placed
1.54 km away from the transmitter. The receiver consisted of 4590 recten-
nas occupying a footprint of 26 m2, each rectenna consisting of a dipole
antenna and a Schottky diode. Part of the generated 30 kW DC power was
used to power a set of light bulbs, each pair of bulbs energized by a group
of rectennas [24,26]. This experiment has considered to be successful for its
high conversion efficiency that reached up to 84% over a long distance. Fol-
lowing the success of the Mojave Desert experiment, a number of programs
were launched in Canada and Japan, aiming for microwave power transfer
to a specific target such as unmanned airplanes [24].
Since the efficiency of a WPT system is affected mostly by the receiving
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part, the focus was shifted to developing efficient and reliable rectennas. In
1985, a printed rectenna system was developed by Brown and Triner [27].
The key advantage of printed technology is its light weight, it being approx-
imately 10 times lighter than antennas made of metallic rods. The designed
rectenna was operating at 2.45 GHz, achieving conversion efficiencies of
up 85%. Due to their low cost, light weight and ease of fabrication, most
rectennas developed since then have been made of printed technology.
The emphasis of recent developments reported in the literature focuses in
improving various aspects of rectenna systems, depending on the targeted
application. To increase the reliability of the rectenna system, rectennas op-
erating at dual or multiple bands where designed to increase the amount of
collected energy [28,29]. However, the challenge is to design a single rectifier
that operates at the multiple selected frequencies or instead build multiple
rectifiers where each rectifier covers one frequency band, thus adding more
weight, cost and complexity to the rectenna system. Other rectenna de-
signs proposed the use of wide band antennas to scavenge energy from a
wide range of frequencies [30–32]. However, to channel the collected energy
efficiently to a diode, a matching network must be used to match the diode
impedance to that of the antenna over a wide band. The use of a matching
network will limit the bandwidth over which the energy is channelled to
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the diode effectively. Hence, the work reported in [33,34] proposed the idea
of mounting diodes right at the feeds of wideband spiral antennas, without
a matching network. Although wideband response was achieved, the total
efficiency was compromised, having efficiencies ranging only between 5 - 45
%.
In previous works, various types of rectenna systems were presented as
a single element [35–37] and in array form [38–40]. A number of recti-
fiers were used, such as a half-wave series diode [41], a half-wave shunt
diode [42], voltage doublers [43] and full-wave rectifiers [44]. The rectified
power can be smoothed by simply connecting a series inductor [35], shunt
capacitor [45] and short and open stubs [46] before the load resistance. The
rectified DC power can be channeled in series, parallel, or a combination of
both [16, 47, 48]. However, the channeling mechanism remains a challenge
for the full-wave rectifier topology. In the work presented in [44], an array
of dipoles with full-wave rectification was studied, and a channeling mech-
anism was proposed where by a full wave rectifier was connected between
two dipoles, and the rectified energy was channeled and filtered through a
high inductor placed between the dipole antennas. The choice of the recti-
fier along with the channeling mechanism depends on the desired voltage or
current level across the connected load. For the energy collector part, mi-
13
crostrip based antennas were used, including but not limited to dipoles [49],
patches [50], bow-ties [51], spirals [52] and loops [53]. The choice of antenna
type used depends on the targeted application, such as dual frequency op-
eration [54], circular polarization [55], broadband reception [34,56], wireless
power transfer [57], and dual polarization [58].
A new type of energy collector was introduced in [59], which consists
of an array of electrically small metamaterial particles made of Split Ring
Resonators (SRR). An array of 9×9 SRRs showed wideband reception with
radiation to AC efficiency of up to 75% at the operating frequency of 5.8
GHz [59]. A comparative study between an SRR array and a patch antenna
array both occupying the same footprint area and operating at the same
frequency is presented in [60]. The study suggests that the SRR array can
achieve 30% more radiation to AC efficiency than the efficiency achieved by
the patches.
Since then metamaterials have played an important role in the design of
the main collector for rectenna systems [61–63].
In a recent article [64], a metamaterial surface made of 13 × 13 electri-
cally small resonators was presented as a new electromagnetic collector or
antenna. The results show that a radiation to AC efficiency of near unity
is feasible.
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This dissertation expands the boundary of rectenna system theory and
design by incorporating metamaterials as the main energy source in a rectenna
system, as will be discussed in the following chapters in further detail.
1.4 Applications
The advancement of the rectenna system has enabled numerous applica-
tions since its main goal is to deliver efficient DC power to a load wirelessly.
A vital application of rectenna systems was proposed by Petter E. Glasser
in 1968: to use rectennas to harvest energy from space in what was termed
Space Solar Power (SSP) [65]. In SSP, solar energy is converted to electric-
ity using arrays of solar cells placed 22,300 miles above the Earth’s equator.
Then the collected power is converted to microwaves and transmitted to
a receiver site located on earth, using a highly directive antenna. Large
rectenna arrays would then receive the microwave energy and convert it to
electricity [18]. Although SSP is not operational at the time of this disser-
tation, it is believed to be very promising for our energy future, with great
amount of money being devoted to projects in many countries, especially
Japan and the USA [66].
One of the most important applications of rectenna systems is electro-
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magnetic energy harvesting in both the microwave and infrared regimes.
In the microwave part of the spectrum, rectennas are designed to scavenge
energy from various communication applications, such as TV broadcasting,
cellular towers, and WIFI modems [29]. In the infrared regime, however,
rectennas are designed to collect the infrared radiation from the solar sys-
tem. An advantage of such application is that infrared energy is available
even at night time, due to the cooling process of earth, which releases sig-
nificant amounts of infrared energy, enabling infrared rectennas to scavenge
energy around the clock [67].
Other applications of rectenna systems reported in the literature are
RFID’s [68], driving mechanical actuators [58], implantable biomedical de-
vices [69], remote sensing [70] and many others.
This dissertation does not target a certain application in particular but
rather proposes a rectenna system that can be used in almost any applica-
tion presented in the literature.
1.5 Efficiency Calculation
In previous works, the energy collector elements used were classical anten-
nas of printed (low-profile) [28,34,38,45,55,71] and non-printed types [72].
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Interestingly, in all previous works concerned with electromagnetic power
transfer or electromagnetic energy harvesting, the antennas used were those
that have been tested and employed extensively for communication sys-
tems. In electromagnetic energy harvesting, antennas are used purely in
the receiving mode. Despite the applicability of the reciprocity theorem to
receive-transmit antenna pairs, a receiving antenna’s behavior cannot be
comprehensively predicted by understanding its behavior when operating
in the transmission mode (please refer to section 2.4 for further details).
These, amongst other considerations particular to the reception of traveling
plane waves, design of receiving antennas or energy collectors in general,
need to be viewed with a fresh perspective distinct from that considered for
communication systems.
We have demonstrated through numerical simulation and experiment
that an SRR array can be used to collect electromagnetic energy [59]. In
developing a new electromagnetic energy harvesting platform, it is critical
to demonstrate that the new platform, for now assumed to be a flat surface,
provides energy conversion efficiency higher than which could have been
achieved using previously used collector or antenna technology. Notice that
in general, the efficiency of an antenna in the transmission mode is different
from that in the receiving mode. In the transmission mode, the efficiency
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of the antenna is simply the ratio of the power radiated to the power ac-
cepted by the terminals of the antenna. In the receiving mode, the antenna
experiences a plane wave arriving from one or more directions, a physical
scenario that is not reciprocal to the energy explosion scenario of the trans-
mission mode (Notice that an implosion of waves would be the reciprocal
of the explosion of waves, which is clearly not what the receiving antenna
experiences). Therefore, a new method for computing the efficiency of col-
lectors is introduced for describing the efficiency of collectors in general and
their ability to harvest available electromagnetic energy. For example, if the
rooftop of a building of defined area A × B as shown in Fig. 1.6 is to be
used for electromagnetic energy harvesting, then the efficiency of the system
would be the efficiency of the collectors in converting all power incident on
the rooftop to available AC power. It is important to realize that this new
definition, first reported in [59], does not depend on the effective area of the






where Parea is the total time-average power incident on the footprint
and Pav is the time-average AC power received by all collectors occupying
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the same footprint under consideration and which is available at the feed








where Vi is the voltage across and the resistance Ri of collector i. This





Figure 1.6: An illustration describing the proposed efficiency concept, highlighting the
importance of the total footprint in the overall consideration of the energy-harvesting
system.
In this dissertation, the efficiency definition is used in two forms: the
radiation to AC and the radiation to DC conversion efficiencies. The effi-
ciency definition of the two forms is the same except that the output power
20
across the resistive loads is AC or DC depending on whether the circuit
connected across the terminals of the collector is simply a resistor or a full
rectification circuitry.
1.6 Research Problem and Contributions
The efficiency of a rectenna system undergos two main stages: the radia-
tion to AC conversion efficiency (antenna) and the AC to DC conversion
efficiency (rectifier). In previous works, the main electromagnetic collector
used to capture and convert the electromagnetic energy to AC power is
the antenna. The losses of the rectenna system during the conversion of
radiation to DC power was mainly attributed to the rectification circuitry.
Hence, the contributions were mostly focused on enhancing the AC to DC
conversion efficiency which is mainly attributed to the type of diode used
and the AC/DC filtering before and after the diode. However, the efficiency
of the antenna in the receiving mode has never been studied, even though
it is the main energy source and the most critical part of a rectenna sys-
tem. Of particular importance is, the efficiency of the receiving antenna per
footprint, as it is the most meaningful efficiency definition and describes the
ability of any collector to harvest electromagnetic energy.
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Therefore, the course of this work is focused on the following:
1. Introduce an efficiency definition that is capable of analyzing the
ability of any electromagnetic energy collector to leverage the electro-
magnetic energy that impinges on a footprint area.
2. Analyze the radiation to AC conversion efficiency of the collectors
used in current rectenna systems (antennas)
3. Introduce an electromagnetic energy collector based on metamaterials
that is capable of achieving higher radiation to AC conversion efficiency
per footprint relative to the collectors presented in the literature
4. Extend the concept proposed in 3 to solve the problem of harvesting
electromagnetic energy independent of the polarization of the incoming
wave (a polarization independent energy harvester)
5. Introduce a method for enhancing radiation to AC and the total radi-
ation to DC conversion efficiencies of electromagnetic energy harvesting
systems, using vertical 3-dimensional stacked arrays
6. Apply the method in 5 to antennas, in addition to the proposed col-
lector based on metamaterials proposed in 3
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7. Introduce the concept of near unity electromagnetic energy harvesting
using electrically small unit cells
8. Introduce the concept of near unity electromagnetic energy harvesting
using electrically large unit cells
9. Introduce various channeling and power combining networks that can
guide the collected energy to a single or multiple loads
10. Examine the feasibility of extending the concept in 7 and 8 to the
infrared regime
1.7 Dissertation Outline
The remaining of this dissertation is outlined as follows:
Chapter 2 proposes a new and novel methodology: using metamaterial
particles as electromagnetic energy harvesters instead of classical antennas.
The chapter also provides numerical and experimental validations showing
that an SRR array overpowers an array of antennas both placed in the same
footprint area in terms of radiation to AC conversion efficiency.
Chapter 3 introduces the concept of perfect metamaterial absorption for
electromagnetic energy harvesting. Unlike earlier designs of metamaterial
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absorbers, here the power absorption is mostly dissipated across a resis-
tive load instead of the dielectric substrate. This implies that near unity
electromagnetic energy harvesting can be achieved.
Chapter 4 and 5 present a methodology to further increase the efficiency
of the harvesting system per footprint area. This method utilizes the vertical
space by stacking panels of energy collectors while maintaining the same 2-D
foot print. Thus, the efficiency per footprint can be increased significantly.
Two case studies investigate this concept using metamaterials and folded
dipole antennas. In both cases, numerical and experimental results show
that the efficiency of the 3-D system consisting of four stacked panels can
be increased up to five times, as compared to a flat 2-D footprint.
Chapter 6 expands the concept of the near-unity efficiency of electro-
metric energy harvesting using electrically large elements. By using tightly
coupled antennas where each unit cell is electrically large, simplified chan-
neling methods and cost effective solutions can be achieved.
Chapter 7 presents the idea of a multi-polarized energy harvester. Using
the concept of near unity electromagnetic energy harvesting, a metasurface
is presented where each alternating unit cell is responsible of collecting the
energy from a single polarization. In addition, a new channeling method is
introduced. It uses the concept of a super cell where each super cell consists
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of a number of sub unit cells.
Chapter 8 studies the feasibility of extending the concept of near unity en-
ergy harvesting to the infrared regime. Encouraging preliminary numerical
results are presented, and open many avenues for possible future directions.
Finally, the accomplished work, list of publications, and possible future




Using Split Ring Resonators
2.1 Introduction
This chapter presents a novel collector based on metamaterial particles, that
is to be used for electromagnetic energy harvesting. The proposed collector
is formed by an array of Split Ring Resonators with a resistive load placed
across the gap of each resonator to absorb the power from an incoming
wave. Most importantly, the proposed metamaterial array is compared to
previously used collectors (antennas) in terms of radiation to AC conversion
efficiency. The simulated and measured results show the of metamaterial
particles’ effectiveness in scavenging the energy from microwaves efficiently.
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2.2 Metamaterials and their Potential for Energy Har-
vesting
Metamaterials are typically formed by assembling electrically small res-
onators that take various shapes and compositions [73]. The fact that
metamaterials can be engineered to produce an effective medium having si-
multaneously negative permeability and permittivity has ignited a number
of unprecedented applications with various frequency bands, from acous-
tics [74, 75] to the visible regime [76, 77]. Such applications include cloak-
ing [78,79], energy harvesting [59,60,63,64], negative index of refraction [80],
perfect lensing [81], and perfect absorption [82].
One of the most common type of resonators used to build metamaterials
is the SRR, which is made of single, multiple, concentric or parallel elec-
trically small broken rings [83, 84]. In this chapter the focus is on SRRs as
a building block for metamaterials, and other shapes will be proposed and
investigated later on in subsequent chapters.
The fact that an SRR develops a relatively high electric field within its
structure at resonance frequency, which implies a build up of voltage across
its gap, is indicative of its ability to harvest electromagnetic energy. A
single broken loop, such as an SRR element, can be realized as a simple
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RLC circuit where the dimensions directly affect the overall inductance and
capacitance of the SRR. Hence, by varying these dimensions, one can design
an SRR to resonate at a specific frequency. At the resonant frequency,
the SRR exhibits a concentration of electromagnetic energy, in which the
magnetic field is significantly more dominant than the electric field. A
detailed study of the effect of varying the mentioned parameters on the
SRR resonance frequency can be found in [85,86].
When an SRR is excited by a magnetic field normal to the plane of the
SRR, a highly concentrated electric field develops across the gap of the
structure, as indicated by the red color in Fig. 2.1 for a single ring SRR.
Even if the incident field is incident at an angle to the normal, resonance can
be excited in the SRR, leading to a concentration of electric field across the
gap. Since the gap is electrically small, we can interpret the field buildup
across the gap as a voltage. Effectively, the field-illuminated SRR becomes
a voltage source.
An SRR cell was designed using the full-wave simulator ANSYS HFSS to
resonate at around 5.8GHz. The designed SRR has dimensions of l = 5.9 mm,
w = 0.55 mm and g = 0.8 mm, as shown in Fig. 2.1. Since the optimal
resistance value is not known in advance, the input impedance at the gap




















Figure 2.1: The distribution of the electric field on the plane of a single ring SRR, where
the dark red color indicates high energy concentration in the gap of the SRR.
a source placed at the gap of the resonator. The input impedance of the
resonator was extracted for a range of frequencies, as shown in Fig. 2.2.
From Fig. 2.2(b), the impedance seen at the gap of the SRR at the reso-
nance frequency is purely resistive, with a value of 14 kΩ. The SRR was
then loaded with a resistor and excited by a plane wave such that the mag-
netic field is perpendicular to the SRR plane. It was found that maximum
power dissipation across the resistive load occurs for a resistance value of 14
kΩ. This confirms that maximum power absorption occurs when the load
is equal to the input resistance of the SRR. In the case of an SRR array,
however, the mutual coupling between the cells significantly affects the in-
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Figure 2.2: (a) Simulated reflection coefficient of a single SRR .(b) Simulated real and
imaginary part of the input impedance of a single SRR fed by a voltage source at the gap.
put impedance of each SRR cell, and consequently, the optimal resistance
for maximum power absorption also changes. Another factor that affects
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mutual coupling is the relative orientation of the SRR cells. In [87], it was
shown that orientation indeed affects overall efficiency. However, optimiza-
tion of the overall efficiency with respect to the relative orientation of the
SRR cells and their relative spacing is deferred to future work. In fact, in
light of the input impedance analysis performed here, the resistance used
in [59] could not have been optimal (for receiving maximum power) in any
sense.
Since the emergence of metamaterials, and until very recently when the
potential of harvesting electromagnetic energy using metamaterial particles
was first introduced [59], metamaterials have never been analyzed for the
reception of electromagnetic energy. In order to understand the feasibility
of a single metamaterial cell, especially the SRR, to receive energy in the
far field similar to classical antennas, the concept of reciprocity was revised.
Reciprocity states that for any two radiating elements in a certain medium,
if a 1 Amp current source is placed across the feed nodes of either radiator
and the voltage is recorded across the open circuit feed of the other radia-
tor, then exchanging the current source and voltmeter produces the same
reading (see for example, the discussion in [143]). A very simple numerical
experiment is conducted in this section to show that even though the SRR
is an electrically small resonator, it indeed follows the rules of reciprocity
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and can therefore receive energy. To this end, we consider a dipole antenna
and a single loop SRR, both resonating at the same frequency. The exper-
iment is divided into four cases: For the first case, an SRR is excited by a
current source placed across its gap, and then the voltage across the feed
of the dipole antenna is recorded. In the second case, a dipole antenna is
excited by a current source placed at its feed, then the voltage across the
gap of the SRR is recorded as shown in Fig. 2.3 (a) and (b). The voltage
of both cases is as V = E ·d, where E is the electric field at the feed and d
is the gap length vector of the feed of each radiator. Simulation results give
identical voltage readings for both cases. When a voltage source is used
instead of a current source, as in Fig. 2.3 (c) and (d), different readings are
obtained for the feed voltages.
This very simple numerical exercise shows conclusively that although
SRRs might not be a suitable choice for transmitting antennas due to prac-
tical source considerations, they indeed can operate as receivers whose ef-
fectiveness can vary due to additional factors such as impedance matching
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Figure 2.3: Simulation setup illustrating respectively, the reciprocity theorem for (a) case
1 , (b) case 2, (c) case 3 and (d) case 4, as described in the text. In each case, the relative
size of the two radiators is not to scale.
2.3 Experimental Validation of a Single SRR as an
Energy Harvester
To demonstrate the ability of a single SRR to pick up electromagnetic en-
ergy, an experiment was conducted for a single SRR having the dimensions
stated above. The fabricated SRR was loaded with a resistor across the
gap as shown in Fig. 2.4. The loaded resistor value used in the experiment
was not necessarily the optimal resistance that will yield maximum power
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absorption across the resistor. However, the goal of this experiment was to
show the ability of the resonator to pick up electromagnetic energy regard-
less of the resistive load value used. In the experiment, a signal generator
was used to excite a 19 dBi gain antenna array operating at the resonance
frequency of 5.8 GHz. The SRR single cell was placed 30 cm away from the
transmitting antenna such that the H-field was perpendicular to the plane
of the SRR. The voltage across the resistive load was measured using an
Agilent Infiniium 91304ADSA 12GHz oscilloscope equipped with a single-
ended probe. It was found that the SRR loop was able to develop 611mV
across the resistive load. This simple experiment proves the capability of
an electrically small SRR to capture electromagnetic energy, indicating its
potential to be used as an electromagnetic energy harvester [59].
2.4 The Equivalent Circuit and Input Impedance of
SRRs
In the above numerical and experimental tests, the analysis focused on
the AC power developed across the surface-mount resistor placed at the
gap of the resonator. In a practical energy harvesting system, this resistor
is replaced by a full rectification circuitry that is capable of converting AC
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Figure 2.4: A picture showing the fabricated SRR loaded with a mount resistor across its
gap.
power to DC, employing matching networks, diodes such as Schottky diodes,
and a load. Designing such a rectification circuit depends on the SRR input
impedance. The equivalent circuit model of a receiving single loop SRR is
shown in Fig. 2.5, where R is the total resistance (radiation and Ohmic),
L is the self inductance, and C represents the gap capacitance of the SRR.
Here, it is assumed that the resonator is operating at resonance frequency
while illuminated by an incident electromagnetic field. Notice that we have
represented the voltage induced within the SRR (which is essentially part of
the entire emf voltage induced by the arriving incident wave) as a dependent
voltage source. Whether the dependent voltage source is current dependent
or voltage dependent is not relevant here. What matters is that it is a
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dependent voltage source that depends on the magnitude, polarization and










Figure 2.5: Equivalent circuit model of a single loop SRR.
In earlier works using SRRs as building blocks for metamaterials, the
gap provided the capacitance needed for resonance. To harvest energy from
an SRR through the gap, a resistive load needs to be placed across the gap.
The optimal load resistance at the gap that will maximize power absorption
depends on the topology of the SRR. Therefore, when designing a loaded
SRR to operate at a specific frequency, the load resistance that can achieve
maximum power transfer can be found through constrained optimization
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by varying the resistance and selecting the resistance value that provides
maximum power dissipation across the gap for a particular field polarization
and angle of incidence. With reference to Fig. 2.2(b), it is interesting to
note that a single square loop with a perimeter of λo/2 experiences high
resistance at the resonance frequency. This occurs because, at this small
loop size, the radiation resistance is much smaller than is the case when
the perimeter size is slightly larger than a wavelength [88, 143]. Such high
impedance (Kohms range) makes the process of matching and tapping the
energy from the gap then channeling it to a diode for energy harvesting
quite impractical.
However, when we stack highly resistive loops in such a way that each
loop is close to adjacent loops, the input impedance is reduced dramatically
to values that allow for integration of a practical matching network and
other types of associated circuitries. (This change in the internal impedance
of loops was also observed and accounted for in [89]). The input impedance
can be controlled by changing the periodicity of the cells, the dimensions of
the loop, and the dielectric material used to host the loops.
It is a common practice to design, analyse and optimize antennas in
transmitting mode. The same antenna can then be used in the receiving
mode while retaining the same properties, due to the reciprocal behaviour
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of antennas. This assumption is acceptable to some extent for a single
isolated antenna [90]. However, when an array of antennas is used in the
receiving mode, the transmitting mode analysis is no longer valid due to
the difference in the mutual coupling between the transmitting and receiv-
ing modes. The work presented in a series of papers by Hui et al. [91–95]
highlighted a methodology to compensate for the mutual coupling in the
receiving mode for an array of antennas. This mutual coupling reduction is
critical for various applications in the field of telecommunications, as mutual
coupling will degrade system performance [96,97]. However, for energy har-
vesting, such coupling can be advantageous, reducing the input impedance
of each unit cell, which enables the integration of rectification circuity and
a matching network. In the next chapter, this coupling is utilized to tune
the medium parameters (ε and µ), producing a surface that is matched to
the free space impedance, which enables full absorption of an incident elec-
tromagnetic wave within the metasurface. What is relevant to this chapter,
however, is that the input impedance of each cell will depend not only in its
self impedance but also on the mutual impedance of the surrounding cells.
More importantly, this mutual impedance differs between the transmitting
and receiving modes. In particular, the cells in metamaterials are tightly
coupled, which makes the effects of mutual coupling more pronounced.
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To illustrate the effect of mutual coupling on the impedance of meta-
material cells in both the transmitting and receiving modes, three different
scenarios where studied numerically using CST Microwave Studio, as shown
in Fig. 2.6. In each scenario the proposed unit cell or array of cells was
tested in both the transmitting and receiving modes to gain an understand-


















Figure 2.6: A schematics showing the three proposed scenarios as explained in the text,
where the sub-figures refer to (a) scenario 1, (b) scenario 2, and (c) scenario 3. The three
cases for incident field polarization are shown in (a).
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The first scenario investigates the input impedance of a single loop SRR
isolated in free space. In the simulation, the SRR was placed on top of an
RT6010 Rogers substrate material having a dielectric constant of εr = 10.2
and substrate height of 2.54mm. With reference to Fig. 2.6(a), the SRR has
dimensions of l = 5 mm, w = 0.8 mm and g = 0.3 mm. In the transmitting
mode, a voltage source was placed across the gap of the SRR, and the
reflection coefficient along with the input impendence of the SRR looking
into the gap of the SRR resonator was computed as shown in Fig. 2.7.
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Figure 2.7: Simulation results for the transmitting mode of scenario 1 showing the (a)
reflection coefficient, and (b) real and imaginary part of the input impedance of a single
SRR fed by a voltage source at the gap.
It is clear from the results that the SRR has an input impedance of
R = 37.5 kΩ, and when the SRR is excited by a voltage source having
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a source impedance of R = 37.5 kΩ, a good impedance match can be
achieved between the source and the SRR. This well matched condition is
indicated by the reflection coefficient curve, which has a dip of -30 dB at
the resonance frequency of 4.15 GHz, as shown in 2.7(b). Although the
source impedance is impractical with such a high impedance, it was used
here strictly for matching purposes, illustrating the reflected voltage seen
from the gap of the SRR when the source impedance is matched to that of
the input impedance of the SRR loop.
The same SRR loop was then analysed in reception mode, with a variable
resistor placed across the gap of the resonator. The SRR was excited by a
plane wave with three polarizations, as shown in 2.6(a). Plots of the received
power with a sweep of different resistance values for all the proposed three
polarizations are shown in 2.8. From the power curves, it is evident that
the maximum power received for all polarizations occurs when the SRR
is terminated by a resistance value of R = 37.5 kΩ which is the same as
the input resistance value obtained in the transmitting mode. This finding
shows that, for a single isolated SRR, the input impedance is identical in
both the transmit and receive modes. It also indicates that one can use the
transmitting mode analysis to design a single isolated antenna in general.
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Figure 2.8: Simulation results for scenario 1 showing the power received as a function of
frequency with a variable resistor varying from R = 1 kΩ to R = 50 kΩ for (a) Case 1,
(b) Case 2, and (c) Case 3, respectively. The three cases refer to different incident field
polarizations, as illustrated in 2.6(a). 44
The second scenario studies an array of 20 × 20 SRRs (please see Fig.
2.6(b)), in which each SRR has the same dimensions as the one described
in scenario 1, with a spacing between adjacent unit cells of 0.2 mm . The
SRR unit cell located at the center of the array was excited by a voltage
source with an impedance of R = 1.3 kΩ, whereas the other SRRs were
terminated by the same resistance of R = 1.3 kΩ. Here, the resistance
value was found iteratively through a series of numerical simulations since
the input impedance is not simply the impedance of the middle SRR loop
only but rather a complex impedance that depends on the mutual coupling
among all the cells in the array. Figure 2.9 shows the input impedance
and the reflection coefficient looking into the middle SRR loop. From the
results, we can be sure that the SRR is well matched to the source when





































Figure 2.9: Simulation results for the transmitting mode of scenario 2, showing the (a)
reflection coefficient, and (b) the real and imaginary parts of the input impedance of the
middle SRR cell fed by a voltage source at the gap. The other SRR cells in the array were
terminated by a load resistance of R = 1.3 kΩ.
The same array was then tested in reception mode by terminating all the
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SRRs in the array with the same impedance obtained in the transmitting
mode, with the exception that the middle cell is terminated by a variable
resistor varying from 200Ω − 2.6 kΩ. The main goal of this particular
numerical test was to see if the SRR would still possess the same input
impedance in both the transmit and receive modes while surrounded by
tightly coupled SRRs. Similarly, the incident wave was varied with the
three proposed cases as shown in 2.6(a). Interestingly, the maximum power
received was when the middle SRR cell was terminated by R = 400 Ω,
R = 400 Ω and R = 1400 Ω for the three incident wave polarizations,
respectively, as shown in Fig. 2.10. This finding is different from what we
achieved in the transmitting mode. In addition, the maximum power was
received at a frequency of 1.89 GHz for case 1 and case 2, and at 2.1 GHz
for case 3, both frequencies differing from the resonance frequency found
through transmitting mode analysis.
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Figure 2.10: Simulation results for scenario 2 showing the power received as a function of
frequency with a variable resistor varying from R = 200 Ω to R = 2.6 kΩ for (a) Case 1,
(b) Case 2, and (c) Case 3, respectively. The three cases refer to different incident field
polarizations, as illustrated in 2.6(a). 48
The last scenario experiments with an array of 20 × 20 SRRs, similar
to the one used in scenario 2 except that the SRRs are back to back as
shown in Fig. 2.6(c). Similarly, the SRR located in the middle of the array
was excited in the transmitting mode by placing a voltage source with the
matched impedance of R = 400 Ω. The reflection coefficient and the input
impedance of scenario 3 (please see Fig. 2.11) shows that the middle cell is
well matched at the resonance frequency of 3.7 GHz.
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Figure 2.11: Simulation results for the transmitting mode of scenario 3, showing the (a)
reflection coefficient, and (b) real and imaginary part of the input impedance of the middle
SRR cell fed by a voltage source at the gap while the other SRR cells in the array were
terminated by a load resistance of R = 1.3 kΩ.
The middle cell was then excited by a planewave, and the power across a
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variable resistor (varied between R = 200 Ω and R = 1.4 kΩ) placed across
the gap was recorded for a sweep of frequencies using the three proposed
polarizations. The maximum power occurred at resistance values different
from the one obtained in the transmitting mode: R = 200 Ω, R = 200 Ω
and R = 100 Ω for the three polarizations, respectively, as shown in Fig.
2.12. In addition, the peaks of the received power for all three, cases were
4.7 GHz, 5.6 GHz and 2.7 GHz, respectively. Both the optimal resistance
value and the frequency where the peak occurs differ from those obtained
in the transmitting mode.
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Figure 2.12: Simulation results of scenario 3 showing the power received as a function of
frequency with a variable resistor varying from R = 200 Ω to R = 1.4 kΩ for (a) Case 1,
(b) Case 2, and (c) Case 3, respectively. The three cases refer to different incident field
polarizations, as illustrated in 2.6(a). 52
From the above simulations we can conclude that the reciprocity in re-
gards to the input impedance of radiators holds only for an isolated radiator,
as was observed in scenario 1. However, when an array of cells is used, the
input impedance will no longer obey the reciprocity rule, and the array
must be freshly designed independent from the transmitting mode analysis.
In addition, the orientation of the cells can be changed to alter the input
impedance as desired, as was observed in scenario 3.
In section 2.6, we show that by stacking 12 × 12 SRR loops, one can
significantly reduce the input impedance of each cell to 150 Ω or another
desired value by varying the distance among the SRR cells.
2.5 SRR Array vs. Patch Antenna Array
Before we can incorporate SRRs as energy collectors with rectenna systems,
their performance must be compared to current energy collectors (i.e;patch
antennas) in terms of radiation to AC conversion efficiency. Considering
the efficiency definition introduced in [59], a demonstration is presented
comparing the efficiency of an array of SRRs with that of an array of patch
antennas, both placed on the same footprint, as shown in Fig. 2.13. The
array of SRRs contained 81 SRR elements, all of identical size and designed
53
to resonate at around 5.85 GHz. An array of 3 × 3 identical patch antennas
was placed on the same footprint, each resonating at the same frequency of
5.85 GHz. Both the SRR array and the patch antenna array were placed on
top of a Rogers RT/duroid 5880 substrate having a dielectric constant of
εr = 2.2, loss tangent of 0.0009 and substrate thickness of t = 0.787 mm.





Center of the patch
r
Figure 2.13: a 9 × 9 SRR array and a 3 × 3 patch antenna array occupying the same
footprint.
To ensure that the footprint is utilized efficiently by the patch antennas,
the maximum number of antennas that can be placed on the defined foot-
print while being able to deliver maximum power to the loads is studied.
In other words, how many antennas can be placed on a defined footprint so
54
that the sum of the power developed across each load is maximum. In addi-
tion, each antenna must be terminated by a load that is equal to the input
impedance of the patch antenna to ensure maximum power delivery to each
load. Therefore, two essential numerical experiments were conducted.
First a patch antenna operating in the receiving mode was designed to
resonate at around 5.8 GHz. The patch antenna has dimensions of width
x = 12 mm and length y = 14.8 mm as showing in Fig. 2.13. The patch
was excited by a horn antenna placed a distance of 120 cm away from it to
ensure a plane wave excitation in close proximity of the patch antenna. The
patch antenna was terminated by a coaxial line having an input impedance
of 50Ω. The performance of a probe-fed patch antenna in terms of power
collection efficiency is strongly dependent on the feed position. Hence, the
feed position was analysed by varying the location of the coax with a dis-
tance r (see Fig. 2.13). Fig. 2.14 shows that the best performance of an
isolated patch antenna was achieved when the probe was placed a distance
of 2 mm away from the center of the antenna. Therefore, the optimal coax
probe feed position was selected for all the patch antennas populating the
footprint.
The second numerical experiment studies the maximum number (N ) of
antennas that can be placed on the defined footprint in such away that the
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Figure 2.14: The efficiency of the patch antenna with different coax position (r) with
reference to Fig. 2.13.
total power collected by the N antennas is maximum. We emphasize that
our choice for the feed location for the patch antennas and the number of
antennas was selected by inspecting a number of possible solutions with the
goal of maximizing power collection across the loads of the antennas and
then the best case was chosen. When antennas are placed in close proxim-
ity to each other, they interact, introducing mutual coupling, which in turn
changes the current in the antenna from that if the antenna was isolated
in free space. Mutual coupling changes the input impedance of the anten-
nas and can affect their efficiency in both the receiving and transmitting
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modes [98]. Typically, antennas need to be separated by approximately at
least 1/2 of the free-space wavelength to retain their independent charac-
teristics such as efficiency, radiation pattern and gain [99]. Five different
configurations were studied to achieve maximum power reception. The pos-
sible configurations were limited by an a priori specified footprint. In each
case, the antennas were placed in such a way that the distance between two
adjacent antennas was maximized to reduce coupling and to achieve max-
imum power collection by each antenna. The five cases are shown in Fig.
2.15. The number of antennas were varied between 4 and 9. It was found
through numerical simulation that the antenna configuration containing 9
antennas (see Fig. 2.16) resulted in the maximum power efficiency, and
therefore was selected for comparison with the SRR array. Different from
patch antennas, the coupling among SRR cells is very critical to the total
amount of power absorbed by the SRR array. In addition, the distance be-
tween two adjacent SRRs indicated by the separation s in Fig. 2.21 plays a
key role in controlling the input impedance of each SRR. This can be clearly
understood by comparing the input impedance of a single SRR (14 kΩ) and
an array of SRRs (150 Ω) as shown in Fig. 2.2(b) and Fig. 2.21 respec-
tively. Therefore, the SRRs were densely stacked in the available footprint
to maximize the absorbed power.
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Figure 2.15: Various patch antenna array configurations.
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Figure 2.16: Energy harvesting efficiency of 4, 5, 6, 8, and 9 antenna array.
The efficiency performance of the 3 × 3 antenna array is compared to
a 9 × 9 SRR array. The SRR array was made of SRR cells having the
same dimensions as discussed above and with cell spacing of 3.5mm. For
this particular spacing and total number of cells, a load resistance of 2.1 kΩ
gave maximum efficiency. Each array is excited by a horn antenna placed
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a distance of 120 cm away from the array to ensure that a plane wave is
incident on the array (this type of excitation is the basis used for all the
array simulations discussed in this section). The SRR receives maximum
power when the H-field is normal to the plane of the SRR which is not the
case for the patch antenna. Therefore, for a fair comparison, three tests
were conducted for each array with incident field angles of 30◦, 45◦, and 60◦
(see Fig. 2.17 for the incident angle definition). The angle φ is measured
with respect to the x-axis, as indicated in Fig. 2.17. Figures 2.18, 2.19,
and 2.20 show the efficiency of the antenna array and the SRR array for
incidence angles of 30◦, 45◦, and 60◦, respectively. Table 2.1 summarizes the
numerical simulation results. In the table, the bandwidth was calculated by
considering the range of frequencies where the efficiency exceeds 40% and
10% for the SRR array and antenna array respectively.
From the results obtained the following observations can be drawn:
• The SRR array resulted in higher efficiency for all the incident field
angles selected;
• The bandwidth of the SRR array is significantly wider than that of the
patch antenna array. More specifically, the SRR array resulted in a
bandwidth up to 3.10 GHz over which the efficiency exceeds 40% while




Figure 2.17: Numerical simulation setup for energy harvesting using a horn antenna as the
source of radiation and an SRR array as the collector.
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Figure 2.18: Energy harvesting efficiency of the 9 × 9 SRR array vs. a 3 × 3 patch antenna
array both tilted at 30◦.
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Figure 2.19: Energy harvesting efficiency of the 9 × 9 SRR array vs. a 3 × 3 patch antenna
array both tilted at 45◦.
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Figure 2.20: Energy harvesting efficiency of the 9 × 9 SRR array vs. a 3 × 3 patch antenna
array both tilted at 60◦.
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Table 2.1: The performance of the SRR array as compared to the Antenna array
Collector Incident Max Efficency Bandwidth
Type Angle ( % ) ( GHz )
SRR Array 30◦ 53.37 1.40
45◦ 51.84 1.65
60◦ 76.31 3.10
Antenna Array 30◦ 30.56 0.45
45◦ 25.52 0.25
60◦ 23.21 0.20
the efficiency exceeds 10%.
• For SRRs, the coupling between adjacent elements has a constructive
effect of the total bandwidth of the collected power since the bandwidth
of a single SRR (Fig. 2.2(a)) is only 200 MHz while the bandwidth of
the SRR array has expanded to around 3.10 GHz.
2.6 Experimental Verification
In this work, the objective is to continue demonstrating the effectiveness
of metamaterial arrays for converting the field energy into available AC
power. Experimentally validating the precise structure considered above
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is especially time consuming since the voltage needs to be probed at each
SRR gap while sweeping over some range of frequencies. Here, we consider
a single patch antenna and compare its energy harvesting performance with
an array of SRR cells placed on the same footprint of the patch antenna.
The patch antenna and the SRR array were redesigned to operate at 3 GHz.
(Our choice of 3 GHz was purely due to the constraints of available test
equipment). First a single square patch antenna with a side a = 25.1 mm
was designed to resonate at 3 GHz as shown in Fig. 2.21. The patch antenna
was placed on top of a grounded RO4350 substrate having a thickness of
t = 1.524 mm, a dielectric constant of εr = 3.66 and a footprint area of 60
× 60 mm2. Then the same footprint was used to populate an array of 12 ×
12 SRRs with each cell having dimensions of l = 4.7 mm, w = 0.6 mm and
g = 0.5 mm (for SRR dimensions, see Fig. 2.1). The SRRs were separated
by a distance of s = 0.3 mm as shown in Fig. 2.21. The SRR array was
hosted by a 2.54mm thick TMM10i substrate with a dielectric constant of
εr = 9.9. The substrate type for both the patch antenna and the SRR array
was selected to optimize the performance of each structure.
Then the single patch antenna and the SRR array were fabricated and
terminated with the matched impedance as shown in Fig. 2.22. A 150 Ω








Figure 2.21: a 12 × 12 SRR array and a single patch antenna occupying the same footprint.
surface mount resistor was placed between a via soldered to the patch and
the ground plane.
Figure 2.22: A photo showing the fabricated SRR array and the patch antenna both
occupying the same footprint and loaded with the matched resistive load.
Using a commercially available 12 dB gain horn antenna, an incident field
was generated having a center frequency of 3 GHz. Then the fabricated SRR
array was placed a distance of 1 m away from the horn antenna to ensure a
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Table 2.2: The measured output power captured by the patch antenna and the SRR array
Collector Frequncy PowerRecieved
Type (GHz) ( mW )








plane wave excitation as shown in Fig. 2.23. The SRR array was positioned
such that the H-field is normal to the plane of the array. A 4 GHz Rohde
and Schwarz RTO Digital Oscilloscopes equipped with a differential probe
was used to record the voltage across each resistive load. It was found that
the SRR was able to absorber 1.29 mW of the incident field at 2.75 GHz as
shown in Table 2.2. The power collected by the SRR array in Table 2.2 was
calculated by summing the measured power absorbed across the resistors
of all 144 SRR cells at a certain frequency. The slight deviation of the
resonance frequency is attributed to fabrication error. Similarly, the patch
antenna was excited with the same setup except that the patch antenna was
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positioned so that the E-field is parallel to the patch surface. It was found
that the patch was capable of capturing a maximum power of 0.76 mW as
indicated by Table 2.2. The type of field excitation was chosen such that
both structures experience maximum incident field absorption. It is evident
from the experimental results that the SRR is capable of absorbing more
power per footprint when comparison to the patch antenna. In fact, the
results show 70% improvement of the harvested power when using SRRs.
SRR Array
Figure 2.23: A photo showing the experimental setup used for both the SRR array and
the patch antenna.
2.7 Conclusion
The feasibility of using SRRs to harvest microwave energy was studied
through simulation by first placing a resistive load across the gap of a sin-
gle loop SRR then calculating the power dissipated across the resistor. An
experiment was then conducted to test the feasibility of SRRs to harvest mi-
crowave energy. The fabricated SRR cell was excited by an antenna placed
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30 cm away, and then the voltage across the gap was measured using a
high-frequency oscilloscope. A voltage of 611 mV was observed across the
gap when 24 dbm power level was pumped into the transmitting antenna
feed.
The efficiency of an array of SRRs was compared to that of an array of
antennas occupying the same footprint. The numerical simulation results
show that the SRR array is capable of electromagnetic energy harvesting
efficiency of 40% or higher over a bandwidth of 3.10 GHz while the patch
antenna array gave an efficiency of 10% or higher over a bandwidth of only
450 MHz. While we provided comparison to an array of patch microstrip
antennas, other types of patch antennas could provide lower or possibly
higher efficiency than the microstrip antenna array used here. It is evi-
dent from the numerical simulations presented that the SRR array provides
significantly higher power harvesting efficiency and more critically wider
bandwidth as compared to the antenna array. As a proof of concept, a
single patch antenna and a 12 × 12 SRR array were compared in terms of
maximum power output captured by each structure. It was found that the
SRR array provided 60% more power per footprint than the patch antenna
which verify the results obtained through numerical simulation. These re-
sults are expected to have strong impact on the viability and efficiency of
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electromagnetic energy harvesting in general.
In the next chapters, a method to further increase the efficiency of the
electromagnetic energy harvesting system is presented based on the perfect







Metamaterials can be tailored to produce media that neither reflects nor
transmits any power, thus enabling full absorption of incident waves at a
specific range of frequencies and polarization [82]. A single unit cell of a
metamaterial absorber typically contains a metallic inclusion and a dielec-
tric substrate backed by a ground plane. Theoretically, full absorption can
be achieved by tuning ε and µ such that the impedance of the metama-
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terial is matched to the impedance of free-space. In addition to the perfect
matched condition, introducing a loss in the medium along with a ground
plane thicker than the skin depth of the wave increases the absorption fur-
ther. Previous studies demonstrated various metamaterial absorber designs
operating from the microwave [82] to the optical regime [100] with a num-
ber of features such as polarization independence [101], wideband [102,103],
multiband [104] and ultrathin absorbers [105].
The fact that metamaterial absorbers are able to trap all the energy
that impinges on its surface at a specific or range of frequencies is indica-
tive of its ability to be used for energy harvesting. However, a critical
distinction between metamaterial absorbers [82, 100–106] and metamate-
rial harvesters [59, 60, 63] is that metamaterial harvesters require not only
full absorption but also maximum power delivery to a load to ensure that
the absorbed power is dissipated across the load. Most of the previous
metamaterial absorber designs show that a lossy dielectric substrate is an
indispensable part of a metamaterial absorber [82,107], making it the main
constituent responsible for dissipating the absorbed power. A number of
articles have studied the integration of lumped ports into metamaterial
absorbers; however these lumped ports aid in the process of absorption
since the total absorbed power is mainly dissipated collectively between the
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lumped ports and the lossy substrate [108,109]. In recent works, a low loss
dielectric substrate was used to design metamaterial absorbers for different
applications. In [110,111] an 11×11 metamaterial array with a low loss di-
electric substrate was used as a metamaterial detector. A teflon-based low
loss dielectric substrate was used in [112] to produce a flexible and elastic
metamaterial absorber.
In this chapter, the design of a metamaterial harvester slab operating
in the microwave regime based on an array of ELC (Electric-Inductive-
Capacitive) resonators [113], that are capable of not only high absorption
but also channeling almost all the absorbed power to a resistive load, is
presented. The resistive load is a simple model for the input impedance
of a rectification circuit which can be attached to each cell at its port as
done in numerous works presented in the literature under rectenna systems
(see [1,34,35,38] and references therein).The emphasize that I present here
is focused on maximizing the Radiation to AC conversion efficiency. Later
in this thesis, I will touch upon other designs that focus in maximizing the













Figure 3.1: A schematic showing the proposed unit cell of a metamaterial harvester.
3.2 Design Methodology
A unit cell of the proposed energy harvesting media is shown in Fig. 3.1.
It comprises two face-to-face split rings sharing the same gap, a dielectric
substrate, a ground plane and a load connected between the top and bottom
conductive layers through a via. The cell was designed to operate at 3 GHz
with dimensions of L = 7 mm, g = 0.4 mm, w1 = 0.5 mm, w2 = 1.2 mm,
s = 0.5 mm and copper thickness of t = 35 µm. To minimize the dielectric
loss, the unit cell was hosted on top of a 2.54 mm thick Rogers TMM10i
dielectric substrate having a loss tangent of tanδ = 0.002 and a dielectric
constant of εr = 9.9. A resistor was placed in shunt through a via to mimic
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a load which can be replaced by a rectification circuit, having an input
impedance matched to that of the unit cell at the center frequency of the
operation band.
Using the electromagnetic full-wave simulator ANSYS R© HFSSTM, the
unit cell was placed in a waveguide with Perfect Magnetic (x − z plane)
and Perfect Electric (y− z plane) walls (see Fig. 3.1) to realize TEM mode
excitation with polarization, as shown in Fig. 3.1. This particular bound-
ary condition was chosen due to the electric symmetry in the constant x-
and y-planes, which the unit cell exhibits. Both the position of the via
and the resistance of the load were optimized to achieve maximum power
delivery to the load, while maintaining full absorption of the unit cell. Us-
ing the scattering parameters, the absorption of the unit cell is expressed
by A(ω)=1-|S11|2-|S21|2. Figure 3.2 shows that the cell experiences full
absorption at the designed frequency of 3 GHz. In addition, the optimal
resistance value that corresponds to maximum power delivery to the load
was found to be 82 Ω. It is interesting to note, that the input impedance of
the cell (82 Ω) and the absorption of the metamaterial media are strongly
affected by the periodicity of the cell. The space between adjacent cells,
s, (see Fig. 3.1) can be varied to control the coupling among the cells and
hence the input impedance of the metamaterial cell.
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Figure 3.2: Simulation results showing the absorption, reflection and transmission for the
metamaterial harvester.
3.3 Mechanism of Operation
To understand the distribution of the dissipated power within the unit cell,
the power loss in the ELC resonator, the dielectric substrate and the resistive
load were computed, using full-wave simulation over a range of frequencies.
Figure 3.3 shows that 97% of the power was dissipated across the load and
3% was dissipated in both the substrate and the copper traces. The power
distribution within the unit cell shows a significant difference from previ-
ously studied metamaterial absorbers, where most designs relied on the loss
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in the dielectric substrates as the main contributor for power dissipation.
Figure 3.3: Simulation results showing the power distribution within the unit cell after it
experiences full absorption.
In the proposed design, a number of factors played a key role in diverting
the absorbed power to the resistive load instead of the dielectric substrate.
First, a low loss dielectric substrate was used with a loss tangent that is
one order of magnitude less than the commonly used FR4 substrate for
microwave metamaterial absorber. Additionally, with reference to Fig. 3.4
and by placing the via hole at the optimal location, the surface current
along the ELC resonator tends to channel through the via and dissipate
across the resistive load. The two face-to-face rings generate anti-circulating
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currents that merge at the top of the cell as shown in Fig. 3.4. Hence, by
placing the via at the top of the ELC resonator as shown in Fig. 3.4, the via
creates a path for the current to flow maximally to the load resistor. This
can be clearly seen by the high intensity of the surface current at the via
location as indicated by the red color in Fig. 3.4. Most critically, the value
of load resistance is selected such that it equals to the impedance of the ELC
resonator seen from the load. This allows for maximum power transfer from
the ELC top layer to the resistive load. One can modify the dimensions of
the ELC resonator, the substrate material and most critically the periodicity
Figure 3.4: Simulated surface current distribution on the ELC cell at the resonance fre-
quency.
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of the cell to tune the optimal resistance of the load. Such tuning capability
provides flexibility to the design, especially when a diode or rectification
circuitry is attached to each unit cell. In fact, the ELC resonator can be
designed to have an input impedance equals to the complex conjugate of
the diode impedance, thereby avoiding altogether the need for a matching
circuit between the absorber and the diode. This would reduce the total size
of the energy harvesting system. It is important to emphasise here that the
impedance seen from the load is different from the free-space impedance.
When the unit cell was designed, the impedance of the metamaterial media
was optimized to have an impedance equivalent to the free space impedance
at the metamaterial interface to minimize any reflections. This was achieved
by tuning ε (which is controlled by the ELC top layer dimensions and the
periodicity of the cell) and by tuning µ, which is affected mostly by the
anti-parallel current of the ground plane and the middle split bar of the top
layer, as explained in detail in [114] . Under the assumption that all fields
and sources have a time dependence of ejωt, the extracted parameters at
the resonance frequency were εr = 39.73− j18.74 and µr = 40.23− j19.13,




(1.01 − j0.003). It is evident that the
medium is well matched to free-space, thus minimizing any reflections at
the metamaterial interface [115].
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Figure 3.5: The extracted material parameters (a) permittivity and, (b) permeability.
3.4 Experimental Verification
A 13×13 metamaterial harvesting media was fabricated where each cell was
loaded with 82 Ω resistor as shown in Fig 3.5. Using a high frequency signal
generator, an 11.5 dBi gain commercially available wideband horn antenna
was excited with power level of 24 dBm. The array of the energy harvest-
ing media was placed a distance of R = 3 m from the source antenna to
ensure the incident field at the array is a plane wave. The array was posi-
tioned such that the incident electric field is parallel to the gap of the ELC
resonators as shown in Fig 3.1. The voltage developed across the load of
a unit cell was measured using a high frequency probe. It is interesting




Figure 3.6: A photograph of the 13×13 array (a) top layer and,(b) bottom layer showing
the surface mount resistors placed between the top layer and the ground plane through via
holes.
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for accurate readings. Unlike communication systems, where electromag-
netic structures such as antennas and filters are based on 50 Ω systems, an
energy harvesting system does not necessarily need to have a 50 Ω input
impedance. In fact, it is desired to operate close to the diode impedance
for maximum power efficiency. Therefore, using available 50 Ω measure-
ment devices, such as spectrum analyzers and vector network analyzers, is
not well-suited for our purpose due to impedance mismatch between the
measuring device and the structure under test. Obviously, one can design
a matching network to compensate this mismatch; however, this will add
complexity to the measurement fixture, especially when a large array is
to be measured. To overcome the issue of impedance mismatch between
the measurement tool and the structure under test, a Rohde & Schwarz
RT-ZS60 single ended probe was used to measure the voltage across the
resistor. The active probe has relatively higher input resistance relative to
the load impedance, and when it is connected in parallel across the load,
it sees approximately the load impedance. The probe is then connected to
a spectrum analyzer through an adaptor to read the voltage picked up by
the probe, as shown in Fig 3.7. The function of the adaptor is to match the
probe to the spectrum analyzer electrically and mechanically, and also to
power the active circuit in the probe.
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Figure 3.7: A schematic showing the measurement setup used in the experiment.





where Pinc is the total time-average power incident on the unit cell. Using







where PT and GT are the power and gain of the transmitting antenna,
respectively. The effective aperture Ae was approximated to be a short
dipole given by [143] (3λ2/8π). Such approximation was made due to the
type of excitation and the shape of the unit cell, where the largest dimension
is ≈ λo/14. In addition, Pout is the total time-average power developed
across the resistive load (measured by the high frequency active probe).
Figure 3.8 shows the efficiency of the unit cell obtained from simulation and
measurement. The measured peak efficiency was 93% while the simulation
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yielded 97%. Also a frequency shift in the center frequency of 6% was
observed. Considering practical physical mechanisms of loss that were not
accounted for in the simulation, the difference in peak efficiency between
measurement and simulation of approximately 4% is satisfactory.


















Figure 3.8: The simulated and measured power efficiency of the metamaterial harvester.
3.5 Conclusion
In conclusion, the design of metamaterial harvester inspired by the full
absorption concept was presented. The proposed unit cell is capable of ab-
sorbing almost all incident power, and most importantly channelling almost
all the absorbed power to a resistive load. The power is channelled max-
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imally to the load by using a via hole and a resistor that is matched to
the ELC resonator. It was found through numerical simulation, that 97%
of the power absorbed was delivered to the load. As a proof of concept, a
13×13 ELC resonator array was fabricated and tested. The experimental
results show that 93% of the incident power was channeled to the load re-
sistance. Aside from the high power efficiency of the unit cell, The design
provides a number of advantages such as the tuning capability of the load
input impedance and appreciable size reduction of the unit cell (≈ λo/14) as








The design of 3-D metamaterial stacked arrays for efficient conversion of
electromagnetic waves energy into AC is presented. The design consists of
several vertically stacked arrays where each array is comprised of multiple
Split-Ring Resonators. The achieved conversion efficiency is validated by
calculating the power dissipated in a resistive load connected across the gap
of each resonator. Numerical simulations show that using stacked arrays
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can significantly improve the efficiency of the harvesting system, in com-
parison to a flat 2-D array. In fact, the per-unit-area efficiency of the 3-D
design can reach up to 4.8 times the case of the 2-D array. Without loss of
generalization, the designs presented in this chapter considered an operating
frequency of 5.8 GHz.
4.2 Design Methodology
In this chapter, the design of vertically stacked SRR arrays [16] is presented.
Here I show through numerical simulations that when metamaterial arrays
are stacked, they significantly improve the total efficiency of the harvesting
system. The focus in this chapter is on the radiation to AC conversion effi-
ciency; however, one can extend the design to DC conversion by connecting
a rectification circuitry at the feed of the collector without changing the
conclusion achieved in this work [38, 116, 117] as will be presented in the
next chapter.
Similar to what was presented in chapter 2, a single unit cell of the
proposed 3-D metamaterial collector consists of a metallic loop with a gap,
as shown in Fig. 4.1(a). The metallic ring is placed on top of an RO4003
substrate, having a thickness of t = 0.813 mm and a dielectric constant
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of εr = 3.55. The SRR was designed to resonate at around 5.8 GHz with
dimensions of L = 5.3 mm, g = 0.5 mm, and W = 0.5 mm (see Fig. 4.1(a)).
Using commercial electromagnetic full-wave simulator ANSYS-HFSS [118],
the SRR was excited by a plane wave having different polarizations to test
the ability of the resonator to capture the electromagnetic energy from
various angles.
A resistive sheet is placed across the gap of the resonator which represents
a load, as shown in Fig. 4.1(a). The resistance value is critical and has
a great effect on the total efficiency of the resonator. According to the
maximum power transfer theorem, maximum power is delivered to the load
if the resistance of the load is equal to the Thevenin resistance seen at the
gap of the resonator. To find such resistance value, a plot was generated
using HFSS where the efficiency of a single resonator is calculated for a range
of resistance values. Figure 4.1(b) shows that maximum power transfer to
the load occurs when a resistor of R = 3.5 kΩ is placed across the gap of
the SRR.
A single-array of the 3-D metamaterial harvester is designed using 5 X
5 SRR cells with separation distance between any two adjacent unit cells
of s = 3.5 mm, as shown in Fig. 4.2(a). The array occupies a footprint of
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Figure 4.1: (a) A unit cell of the proposed 3-D metamaterial energy harvesting structure,
and (b) the efficiency as a function of the load resistance.
electromagnetic energy harvesters such as classical antennas is that the unit
cell can be placed in close proximity to adjacent cells without degrading the
total efficiency of the system. In fact, the coupling between SRR cells can
indeed lead to improvements in both the efficiency and bandwidth. In the
array, each SRR cell is loaded with a resistor of of 3.5 kΩ. The array was
illuminated by a plane wave and the efficiency of the array was numerically
calculated for three incident angles θ = 0◦, 30◦, and 60◦ measured from
a line parallel to the H-field vector, as shown in the Fig. 4.2(b). It is
evident that the efficiency is higher for larger values of θ. This behaviour








Figure 4.2: (a) A single array of the proposed 3-D metamaterial harvesting system, and
(b) the efficiency of a single array with angles of θ = 0◦, 30◦and 60◦
larger angles [85].
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4.3 The Efficiency of the 3-D Metamaterial Array
The 3-D structure is designed by stacking several 2-D arrays similar to
the one discussed above. The key to this design is maintaining a fixed
footprint while going vertical. The number of stacked arrays used here is
not optimal as the main goal of this work is to present the concept of 3-D
electromagnetic energy harvesting using metamaterials. However, one can
extend the study to optimize the number of stacked arrays with the goal of
maximizing the harvested power, while minimizing the cost of the structure.
Four different cases were numerically studied, as shown in Fig. 4.3. Cases
a, b, and c consist of 4 stacked arrays where each array is tilted with an
angle θ = 0◦, 45◦and 60◦;respectively, as shown in Fig. 4.2. In case d, the
arrays are oriented in a zigzag fashion where each two consecutive arrays
are tilted with an angle θ = 45◦ and θ = −45◦ (see Fig. 4.3). In all cases
the cells were loaded with a resistor of 3.5 kΩ and illuminated by a plane
wave with a polarization, as shown in Fig. 4.3.
In Fig. 4.4, a plot of the per-unit-area efficiency of the system for the
four cases shows a dramatic enhancement in both the efficiency and the
bandwidth. When compared to a single array with 60◦ illumination, the
four cases experience power efficiency of 2.5, 3.47, 4.84, and 2.74 times the
















Figure 4.3: Schematic showing the four cases for the 3-D stacked metamaterial arrays.
imum has shifted from the operating frequency of 5.8 GHz for an isolated
single cell due to the strong coupling among the cells. However, one can
always scale the size of the cells to operate at the desired bandwidth. It is
important to note here that the higher than 100% efficiency (see Fig. 4.4)
is perfectly physical as per the definition given above. The efficiency here
describes the ability of the proposed 3-D metamaterial structure to cap-
ture the electromagnetic energy available on a 2-D plane. An efficiency of
100% implies the capture of all the power incident on the specified footprint.
Therefore, efficiencies higher than 100% indicate that the 3-D structure is
capturing more power than the maximum available on a 2-D plane occupy-
ing the specified footprint. Please note here that from the discussion on the
input impedance provided in section 2.4, the input impedance of the unit
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cells will differ for various incident angles of the incoming planewave. Here
the resistance was fixed for all cases as in a practical system, the impedance
of the load is fixed. This assumption, however, does not change the con-
clusion achieved as all the cells were compared under the same source of
excitation and placed in the same footprint area.
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Figure 4.4: The efficiency as a function of frequency for the four cases described in Fig. 4.3.
The electric distribution (projection on the array plane) for case c is
shown in Fig. 4.5. It is evident from the field plot that each array has
contributed to the total efficiency of the system. In fact, all the cells received
certain amount of power even for the cells that are covered by the layers
above. This is different from the case when solar cells are used for the 3-
D electromagnetic energy harvesting, as the arrays must all be exposed to
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sun light as in [119]. The SRR cells on each array were placed periodically
and uniformly. It is possible that higher efficiency can be realized if the
orientation of the SRR cells is optimized [87].

















Figure 4.5: Electric field distribution in the plane of the 4 layers of case c.
4.4 Conclusion
In summary, the concept of electromagnetic energy harvesting in 3-D using
metamaterial arrays is presented. The model demonstrated here consisted
of 4 stacked arrays, each with 5 X 5 SRR cells. The energy was collected
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by means of a resistor placed across the gap of the resonator. It was found
that using a 3-D stacked array results in per-unit-area efficiency reaching
up to 4.8 times that of a 2-D structure. I expect the 3-D array concept
to have strong impact not only on energy harvesting systems but also on
energy transfer systems such as Wireless Power Transfer (WPT) [116] and




Using 3-Dimensional Antenna Arrays
5.1 Introduction
In electromagnetic energy harvesting, the performance of the rectenna sys-
tem is measured, most meaningfully, by its power efficiency per footprint
which it occupies. A number of articles have studied various ways to improve
the total efficiency of the rectenna system such as using more efficient collec-
tor, minimizing the total rectenna size, or use of various rectifier types. We
have seen in the work presented in Chapter 4 [121] that the total efficiency of
an electromagnetic energy harvesting system can be significantly improved
by using a stacked Split-Ring Resonator (SRR) arrays. While occupying an
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identical footprint, the power collected by 4 vertically stacked SRR arrays
was compared to that of a single SRR array [121]. Specifically, the work
in Almoneef et al. [121] showed that the stacked configuration achieved 4.8
times the power received by a single array. The vertical stacking concept
has been used for antenna applications to improve the bandwidth of the
system [122], enhance the total radiation efficiency [123], and reduce the
sidelobe levels [124]. In [125], two orthogonal linearly-polarized rectenna
arrays backed by a reflecting mirror were used to capture two polarizations.
The work in Brown et al. [22] presented two vertically stacked layers where
dipole antennas were placed on one layer and the matching networks were
placed at a different layer with a spacing distance of λ/2.
In this chapter, a 3-D stacked folded dipole arrays for electromagnetic
energy harvesting is presented. It is shown below that when antenna array
panels are vertically stacked and all the panels are connected to a rectifica-
tion circuitry, the total DC power across the load experience a significant
enhancement over a single panel for the same excitation and power levels.
In previous work, rectennas were designed in a single or two-dimensional
array formations occupying two-dimensional space. In addition, vertically
stacked layers were used to capture dual polarizations as in [125]. Here, a
3-D rectenna system that can increase the captured power per footprint is
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presented where each array work collectively to leverage the power incident
on a 2-D footprint. All rectenna panels are designed to receive maximum
energy at the same frequency and polarization.
5.2 Results and Discussion
A single rectenna of the proposed electromagnetic energy harvesting system
is shown in Fig. 5.1. It consists of a folded dipole operating at 3 GHz,
a pair of DC block capacitors, an HSMS2860 Schottky diode connected
in parallel across the antenna feed terminals, and a quarter wavelength
coplanar transmission line terminated by a 150 pF capacitor to reduce the
ripple level before reaching the load. The input impedance of the Schottky
diode was obtained from a diode model [1]. When terminated with a load
of 300 Ω, the diode has an input impedance of Zd = 187− j39 Ω at 3 GHz
[1]. To avoid the insertion of a matching network between the antenna
and the diode and to minimize the total size of the rectenna, the folded
dipole was designed (by careful control of the dipole arms width and length)
to have an input impedance equal to the complex conjugate of the diode
impedance. The folded dipole was optimized using the electromagnetic full
wave simulator ANSYS R© HFSSTM, having a dipole length L = 41.8 mm












Figure 5.1: Components of a single rectenna unit.
Since its input impedance is matched to that of the antenna, the Schottky
diode was integrated right at the feed of the antenna (in parallel). With
this design, the two arms of the dipole antenna create a short circuit at DC
for the positive and negative leads of the diode, thus, the DC signal will not
reach the load but will be trapped in the least resistive path of the loop.
Therefore, the two arms of the folded dipole were loaded with two 10 nF
chip capacitors to maintain low impedance path for the AC signal at 3 GHz
while acting as an open circuit for any DC current generated by the diode.
This ensures that the generated DC current does not short the cathode and
anode leads of the diode.
To verify its performance, the antenna was fed by a lumped source having
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a source impedance equals to the conjugate of the diode impedance Zd.
The simulated return loss and the input impedance of the antenna at the
resonance frequency (not shown here for brevity) are -62 dB and ZA =
187 + j39 Ω, respectively. In addition, the simulated gain and radiation
efficiency of the antenna at the resonance frequency are 1.73 dBi and 0.99,
respectively. This shows that the antenna is well matched to the diode.
To test the ability of the designed folded dipole to convert radiation to AC
power, a 4×4 array was designed where each dipole was separated by a
distance of λ/2 from adjacent elements. The antennas were terminated by
a load impedance equals to the diode impedance of Zd. The antenna array
was excited by an incident planewave with three polarizations, as shown in
Fig. 5.2b. Then the power dissipated across the load impedance of each
folded dipole antenna was computed.
In addition, a 4×4×4 antenna array comprising 4 panels as shown in
Fig. 5.2a was excited by a planewave with the same polarizations of the
single panel excitation. The power across the loads of the 64 antennas was
computed. A figure of merit that reflects the improvement of the power col-
lected by the stacked panels compared to the single panel for the three pro-
posed polarizations is given by the Power Absorption Enhancement (PAE),
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Figure 5.2: Schematic for (a) the 4 vertically stacked panels, (b) the polarization of the
incident planewave, and (c) photograph showing the stacked panels held by a styrofoam
where a single 4×4 rectenna panel is showing in the inset.





where Pstacked and Psingle is the total power delivered to the loads of all collec-
tors ( AC or DC power ) of the stacked panels and single panel, respectively.
We emphasize that our primary goal here is to show the improvement in the
power absorption between a single panel and stacked panels both occupying
the same footprint.
Figure 5.3a and 5.3b show the simulated Pstacked and Psingle for all three
cases, respectively. It is evident form the results that by vertically stacking
antenna arrays, the PAE can be higher than 5 around the designed reso-
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nance frequency for specific incident wave polarization. It is of interest to
note that the maximum power collected for the three cases differ from the
power collected at the designed frequency (3 GHz) of a single element (
single folded dipole antenna ). This is due to mutual coupling between the
antennas within a single panel and the coupling due to the close proximity
of vertical panels. In addition, we note that the coupling between the an-
tennas in the 4 panels depends greatly on the polarization of the incident
angle which affects the total resonance frequency of the system. Therefore,
there is a slight deviation of the power collected peaks for all the three pro-
posed polarizations. Since this chapter targets energy transfer applications
where the polarization of the energy source is known, we focused our study
on the polarization of Case I. However, if the target is energy scavenging
where the goal is to maximize energy collection from all polarization angles,
one can design a wideband antenna and rectifier to cover a wider frequency
bandwidth of power collection.
It is important to note the coupling effect among antennas as it alters
the input impedance of each antenna and introduces mismatch loss be-
tween the antenna and the diode. A sub array of 4 antennas within the
second panel (please see Fig. 5.2b) was numerically studied to minimize the
mismatch loss. The 4 antennas shown in the inset of Fig. 5.4b were ex-
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Figure 5.3: Simulation results of the power collected for (a) 4 stacked panels, and (b) a
single panel.
cited by a lumped port having an impedance equals to the conjugate of the
diode impedance Zd. In addition, all other 60 antennas within the 4×4×4
system were terminated by the diode impedance. Figure 5.4a shows that
antennas 1-4 have a return loss of more than 10 dB between 2.6 GHz and
3.2 GHz. This indicates that the antennas were well matched to the diode
impedance. This can be attributed to the λ/2 spacing among antennas
which minimizes the coupling effect among antennas. Please note that the
resonance frequency of antenna 1 and 4 (shown in the inset Fig. 5.4b) are
slightly shifted from the resonance frequency of antenna 2 and 3 due to
their location within the panel being at the edge, resutling in a slight dif-
ference in the coupling effect. In addition, Fig. 5.4b shows the strength of
the mutual coupling between the 4 antennas along the length of the dipole
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L and along the direction of the incident wave of Case I which is perpen-
dicular to the length of the dipole. It is clear from the simulation results
that the coupling is more pronounced along the direction of the incident
wave denoted by S14 and S23 due to the nature of the radiation pattern
of the dipole antenna. One can lower the coupling effect by increasing the
separation distance among the antennas within one panel and the vertical
distance separating two panels.
12
3 4
Figure 5.4: A simulation study of the coupling effect within a 4 antenna sub array.
Next, 4 rectenna array panels were fabricated as shown in Fig. 5.2c. The
panels were etched on RO4003 Rogers material, having a dielectric constant
of ε = 3.55, a loss tangent of 0.0027, a substrate thickness of t = 1.524 mm
and a copper thickness of tc = 17 µm. A Schottky diode was mounted
at the feed of each antenna and connected to a 150 pF through a quarter
wavelength two-wire transmission line. The capacitor at the end of the line
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acts as a short for the AC signal at the operating frequency which in turn
provides an isolation between the AC and DC signal at the feed position.
The rectennas were connected through DC lines in a 4 stage series and
parallel connection. Then the power is tapped from the two ends of the
DC lines indicated by the positive and negative polarities, as shown in the
enlarged inset of Fig. 5.2c. With reference to Fig. 5.2a, all the panels are
identical having an area of a × b where the length of a and b are 130 mm
and 220 mm, respectively.
An experiment was carried out to test the performance of the 3-D stacked
antenna arrays and the results were compared to that of a single panel
array, occupying identical footprint. The stacked panels were separated by
one free-space wavelength (corresponding to 10 cm at 3 GHz to minimize
any coupling effects among the antennas that can create non-uniformity
in the input impedance of all antennas). The antennas were excited by a
planewave with polarization, as shown in Fig. 5.2b of Case I. The panels
of the stacked case were connected using the following three configurations:
(a) all panels connected in series, (b) all panels connected in parallel, and
(c) a hybrid of series and parallel connections. In the hybrid configuration
and with reference to Fig. 5.2b, the outputs of Panel 1 and Panel 2, and the
outputs of Panel 3 and Panel 4 were connected in series. Then the outputs
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of the 2 groups were connected in parallel.
In the measurement, a 25 dBm signal generator was used to excite an
11 dB gain wide band horn antenna through a 42 dB gain power amplifier.
The experiment was carried out in an anechoic chamber where the receiving
rectenna 3D array was placed 5.5 m away from the source antenna to ensure
planewave illumination, as shown in Fig. 5.5. For each configuration con-
sidered, the load impedance was first scanned to find the optimal resistance
which delivers maximum power to the load at the resonance frequency. In
addition, the power at the receiving end was swept to find the input power
that results in maximum power collected across the DC load. Figure 5.6a
shows that the rectenna arrays achieve maximum power across the load
when illuminated by a power level of around 0 dBm. The output power
across the optimal load was then recorded for multiple frequency points
around the resonance frequency at the optimal load resistance and power
level.
The experimental results for single 2-D panel and the stacking struc-
ture with all configurations are shown in Fig. 5.6b and summarized in Ta-
ble 5.1. The resonance frequency of the receiving system for a single panel
has shifted to 2.86 GHz, mainly due to fabrication tolerance and coupling
between adjacent antennas within each panel. It is clear that the stacked
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Figure 5.5: Measurement setup at the anechoic chamber, showing the transmitting horn





Figure 5.6: Measurement results for the power collected for the single panel and the 4
stacked panels as a function of (a) incident power and (b) frequency.
3-D structure with all various configurations showed a significant enhance-
ment of the received power when compared to a single panel. In fact, a PAE
of up to 5 can be obtained over a single 2-D panel which agrees strongly
105
Table 5.1: Summary of the simulated and measured results
PAE ResultsPAE Results
SimulationSimulation MeasurementMeasurement
Type Collected Power PAE Type Collected Power PAE
Single 0.56 – Single 0.50 –
Series 2.41 4.82
Stacked 2.74 4.89 Parallel 2.38 4.76
Hybrid 2.35 4.70
with the PAE obtained from the simulation results. In addition, the mea-
sured results for all configurations were very close to the results obtained
from the simulations with an error of 2.7% , 3.9% and 1.4% for the parallel,
hybrid and the series configurations, respectively. While an improvement of
5 times is achieved when using the stacked panels, this does not set an up-
per limit to this harvesting methodology as other configurations might lead
to even higher power collected. Here, the 3-D vertically stacked structure
was studied with only 4 panels as a proof of concept; however, the number
of stacked panels can be increased depending on the allowed vertical space
available above the footprint under study.
The rectenna arrays presented in the literature commonly use AC chan-
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Table 5.2: Optimal load resistance for the configurations under study
Load ResistanceLoad Resistance






neling networks to combine the power output from each antenna element
[38,39,126,127]. This can be achieved by utilizing AC combining networks
where antennas are connected through cooperative feeds to combine the
power and channel it to a single or a number of rectification circuitry. In
this method, the input impedance after the power combining circuit is ap-
proximately 50 Ω. This will require an AC filter to be inserted between the
antenna array and the diode to match the diode with the antenna array
which adds loss to the system and increase the total size of the rectenna.
In this work, we utilized a DC power combining circuitry [34, 71]. Folded
dipoles were used for their high input impedance which allow for impedance
tunability so that diodes with matched impedances can be mounted right
at the feed of the antennas. This provides ease of power combining as an-
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tennas can be easily connected after filtering out any remaining AC power
by using shunt capacitors, as shown in Fig. 5.1. In addition, the power
output of each antenna can be configured in parallel, series or combination
of both to boost the total output current through or voltage across the load
resistance.
Although the delivered power levels for the hybrid, parallel and series
connections are almost equal, the load resistance vary significantly from
one type of connection to the other. The parallel and hybrid connections
show much lower resistance values than the series connection, as shown in
Table 5.2. Nevertheless, for all connection types, each diode sees identical
resistance. The choice of the connection type can play a significant role,
depending on the type of load to be connected if it has low, moderate or
relatively high resistance.
5.3 Conclusion
The feasibility of a vertically stacked folded dipole antennas for electromag-
netic energy harvested was demonstrated. A case study was experimentally
studied where 4 stacked folded dipole antenna panels were compared to a
single panel both occupying the same flat 2-D footprint in terms of PAE
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ratio. The results show that the stacked system can enhance the power




Using Tightly Coupled Antenna
Arrays
6.1 Introduction
In chapter 3, a metasurface comprised of 13×13 electrically small resonators
was used as an efficient antenna capable of converting 97% of the energy of
an incoming plane wave to ac power. However to convert the collected ac
energy to dc, a diode has to be connected at the feed of each resonator. In
addition, the dc power requires a channeling mechanism where the dc power
contribution from all resonators is channeled towards a single load. Also,
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a dc filter needs to be inserted between the diode and the load in order
to filter out the high frequency components of the waveform to achieve
approximately constant dc power across the load. Since the resonators are
closely spaced, the placement of the dc power channeling circuitry amongst
the resonators remains a challenge and can add additional cost if multiple
layers are used. In this chapter, we strive to solve the aforementioned
issues by introducing antenna surfaces where the size of each unit cell is
comparable to the operating wavelength.
6.2 Tightly Coupled Antennas and their Potential for
Energy Harvesting Applications
A new class of antennas referred to as Tightly Coupled Antennas (TCA) was
introduced in a number of articles for communication applications [128–130].
In traditional antenna arrays, antennas are separated by a distance of ap-
proximately λ/2 to reduce the undesired mutual coupling between the an-
tennas that affects the input impedance of the antenna. In TCA, however,
the antennas are closely spaced over a ground plane thus providing strong
coupling. The capacitive coupling is utilized to negate the inductive ef-
fect of the ground plane thus widening the bandwidth of the antenna array.
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When infinite periodic elements are used, the array effectively mimics a uni-
form current sheet [128, 131]. The TCA arrays presented in the literature
were mainly analysed in the transmitting mode with the goal of designing
a frequency wideband 50 Ω system since the arrays were primarily intended
for communication applications [132, 133]. The fact that the antennas in
a TCA array are tightly spaced adds a very critical design feature where
the surface impedance of the array can be modified by varying the sepa-
ration distance between adjacent antennas to obtain an impedance equal
to the wave impedance. This feature can be exploited to fully absorb an
incoming wave. It is interesting to note that a wideband frequency response
can be also achieved by using electrically-small unit cells such as split-ring
resonators [59] and complementary split ring resonators [63].
In this chapter, we present a TCA surface consisting of Vivaldi shape
antenna array for electromagnetic energy harvesting and wireless power
transfer. The TCA surface is capable of capturing almost all the energy
impinging upon it and delivering it maximally to a load. Due to its large
electrical length compared to metasurfaces, the proposed design can pro-
vide cost effective solutions for large scale energy harvesting applications.
In addition, a simplified dc channeling mechanism is presented where the
collected dc power is channeled to a single resistive load through the use
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of series lumped inductors, avoiding the use of bulky and lossy microstrip
based filters.
6.3 The Proposed TCA Unit Cell
A unit cell of the proposed TCA surface is shown in Fig. 6.1. It consists of
a Vivaldi shape antenna hosted on top of a 3.175 mm thick RT5880 Rogers
substrate backed by a ground plane. The unit cell has a side length of
a = 50 mm and a separation distance between adjacent cells of S = 0.3
mm. Here, S is kept very small (≈ λo/300) to ensure strong capacitive
coupling between the unit cells. A Schottky diode was inserted in the gap
(g = 0.5 mm) between the arms of the Vivaldi antenna where the captured
field is highly localized.
The unit cell was simulated using the electromagnetic full-wave simulator
ANSYS R© HFSSTM. In the simulation, the unit cell was placed in a waveg-
uide where the top side of the waveguide was excited by a Floquet port
with a power level of 1 W. Periodic boundary condition was applied to the
lateral walls of the waveguide to numerically realize an infinite array with
a TEM planewave excitation having polarization as shown in Fig. 6.1. The
diode was modeled with a resistive sheet in series with a capacitive sheet
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Figure 6.1: A schematic showing the proposed unit cell of a TCA harvester.
to form a series RC load (since the input impedance of the diode is capac-
itive). The values of the resistance R and the capacitance C of the diode
at the operating frequency of 2.84 GHz was obtained from the available
diode model [1]. Using the diode model, the efficiency of the diode with a
range of load resistances connected across the diode and the corresponding
diode resistance are shown in Fig. 6.2. For an HSMS2860 Schottky diode,
the input impedance of the diode is Zd = 160− j29 Ω when operating at a
frequency of 2.84 GHz and terminated by a load of RL = 250 Ω. At these
conditions, the diode gives an ac to dc conversion efficiency of 80%.
The absorption of the unit cell, A(ω), was computed as A(ω) = 1-|S11|2
since the transmission coefficient T (ω) = |S21|2 is zero due to the presence of
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Figure 6.2: Simulation results using the diode model presented in [1]. The load resistance
was varied from 0 to 500 Ω at 2.84 GHz.
the ground plane. Figure 6.3(a) shows that the unit cell, when present in an
infinitely periodic ensemble, is capable of fully absorbing an incoming plane
wave. This is because the effective impedance of the TCA surface is matched
to the free-space impedance of 120π Ω at the resonance frequency (see
Fig. 6.3(b)). We emphasize, however, that for energy harvesting application,
it is critical to ensure that all the absorbed power within the unit cell
is mostly channeled to and consumed by the resistive load instead of the
dielectric substrate. In fact, this is the main and crucial difference between
a surface absorber and a surface harvester. The power consumed across
the load resistor in Fig. 6.3(c) shows that 99% of the absorbed energy is




Figure 6.3: The simulation results of the TCA unit cell showing (a) the absorption, (b)
input impedance, and (c) the power across the load resistance as a function of frequency.
attributed mainly to the low loss dielectric material used (tanδ = 0.00019)
and the value and the position of the resistor used across the gap.
Circuit Analog Absorber (CAA) approach has been widely used to ex-
plain the absorption mechanisms of periodic absorber surfaces [134–138].
Accordingly, a plane wave interaction with the proposed tightly coupled
Vivaldi array can be modeled with a transmission line equivalent circuit as
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depicted in Fig. 6.4. In the circuit model, Yo denotes the free space admit-
tance, YA signifies the equivalent circuit model of the Vivaldi antenna along
with the diode and Y1 represents the transmission line equivalent admit-
tance of the RT-5880 substrate. The ground plane backing is modeled as
a short circuit termination of the transmission line. The equivalent circuit
of the proposed periodic surface is modeled with lumped elements where R
and C1 denote the lumped components representing the diode impedance
placed across the feed terminals of the antenna. The capacitors C2 and C3
represent the total capacitance between the two arms of the Vivaldi an-
tenna with C2 accounting for the frequency dependent nature of the gap in
between [139]. The total inductance of the Vivaldi arms is represented by
L. The substrate material RT5880 with thickness of d1 = 3.175 mm and
εr = 2.2 was modeled as a transmission line with electrical length of 16.1
◦













Figure 6.4: A schematic showing an equivalent circuit model of the proposed tightly coupled
Vivaldi array. The parameters of the circuit are as follows: C1 = 1.89 pF, C2 =1 pF, C3
=2.2 pF, L =0.2 nH, and R = 160 Ω.
For ideal absorption, the equivalent circuit at resonance must match the
free space wave impedance of 377 Ω and the short termination is required
to be located at quarter wave length distance, simultaneously. However, in
practice both of these criteria can be compromised to obtain a wider band-
width and lower profile structure. The proposed Vivaldi array achieved
near unity absorption with only 3.175mm substrate thickness which is less
than 1/33th of the free space wavelength at resonance frequency of 2.84
GHz. The lumped element values in the equivalent circuit were first esti-
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mated using a microstrip line model that estimates the total inductance and
capacitance of a given strip line [140], and then optimized using ADS. A
comparison of the reflection coefficient (Γ) at the surface of the Vivaldi an-
tenna obtained using full-wave simulation (HFSS) and that of the unit cell
equivalent circuit is shown in Fig. 6.5. Excellent agreement was obtained
between the absorption characteristics of the two models.
Figure 6.5: The reflection coefficient of the tightly coupled Vivaldi infinite array obtained
from full-wave simulation in HFSS compared to the results obtained from the equivalent
circuit model.
It is interesting to note here the Electric field (E-field) variation before
and after the power absorption occurs. At a distance of λ/2 above the unit
cell, the E-field is constant with magnitude of 500 V/m as illustrated in
Fig. 6.6(a). Here, the E-field is referred to as the total field at each point
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in the square sheet as depicted in Fig. 6.6. However the E-field close to the
TCA surface (≈ λo/20 above the TCA surface), is redistributed depending
on the shape of the antenna as depicted in Fig. 6.6(b). The E-field is
concentrated along the gap between the two arms of the Vivaldi antenna
in addition to the spacing between two adjacent antennas with a maximum
magnitude of 2000 V/m. The plot of Fig. 6.6(c) shows the E-field variation
right at the surface of the antenna. Interestingly, the E-field is concentrated
across the resistive part of the diode with a maximum magnitude of 70000
V/m. This shows the ability of the antenna to capture the energy from
an incoming wave and concentrate the energy within the diode with an E-
field magnitude that is 140 times larger than the applied E-field. Hence,
maximum power delivery to the load can be achieved as almost all the





Figure 6.6: The simulation results of the TCA unit cell showing the field variation at a
distance above the cell of (a) λ/2 , (b) ≈ λo/20, and (c) right the surface of the unit cell.
The maximum magnitudes of the E-field (indicated by the red color) are (a) 500 V/m, (b)
2000 V/m and (c) 70000 V/m
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6.4 Numerical Study of a 4× 4 TCA Array
To validate the proposed concept, a finite 4× 4 Vivaldi antenna array with
the same dimensions as the unit cell illustrated in Fig. 6.1 was designed, as
shown in Fig. 6.7. The array was simulated with a plane wave excitation
having polarization identical to the unit cell excitation discussed above. The
array occupies a footprint area of 400 cm2. The radiation to ac efficiency of






where Pd is the summation of the total real ac power developed across all
the 16 resistive loads which also will appear across the diode terminals and
Pin is the total time-average power incident on the footprint of the array
calculated as
Pin = S × A, (6.2)
where S is the power density on the TCA surface and A is the footprint
area of the TCA finite array.
The total radiation to ac efficiency of the array is shown in Fig. 6.8
(red dashed line). From the results, we observe that the total simulated
radiation to ac efficiency of the array is 90% with a slight shift of 60 MHz
from the resonance frequency of the unit cell. This slight degradation of the
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efficiency is due to the non uniform coupling across the elements of the finite
array as opposed to the case when the array is infinite. The cells located
at the periphery of the array experience less mutual coupling than the cells
located in the middle of the array, thus affecting their impedance (referring

































1 2 3 4















Figure 6.7: A schematic showing the 4 × 4 TCA array. For the purpose of clarifying the
dc channeling, negative and positive polarities are assigned to each cell as shown.
123
Figure 6.8: The simulated radiation to ac power conversion efficiency (red dashed line) and
simulated radiation to dc efficiency (solid black line with diamonds).






where Pdc is the total rectified dc power across the resistive load. Here, the
resistive load is referred to the load connected after the diode and the dc
filter. Hence, the total radiation to dc efficiency can be obtained by taking
the product of the η
Rad−ac and ηRad−dc as follows:
η = η
Rad−ac × ηRad−dc (6.4)
The total simulated radiation to dc efficiency is shown in Fig. 6.8 (black
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solid line with diamonds). The efficiency peaks at a frequency of 2.9 GHz
with a maximum efficiency of 72%.
6.5 Experimental Validation of the 4× 4 TCA Array
The fabricated 4×4 TCA surface array is shown in Fig. 6.10. An HSMS2860
diode was mounted across the feed of each unit cell. This type of diode was
chosen for its low turn on voltage of VON = 0.28 V, high power handling ca-
pability having a breakdown voltage of VB = 7 V, and junction capacitance
of Cj = 0.18 pF. To channel the collected energy, a dc filter was connected
after each diode to filter out the ac components and reduce the ripple of
the rectified dc power. However since the antennas are closely spaced, one
solution is to place the channeling network on a third layer isolated from
the top layer. Using three layered board, however, will increase the cost and
weight and add losses to the system. Here we propose a channeling scheme
where an inductor is placed between each two unit cells. The value of the
inductor (L=68 nH) was chosen carefully such that the inductor acts as an
open circuit for high frequencies to maintain an antenna array behavior and
a short circuit for dc to provide channeling of the rectified power. The self
resonance frequency of the inductor is 10 times the operation frequency to
ensure that the inductor behaves as an ac filter at 2.84 GHz. For the dc
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component of the rectified waveform, the two arms of each Vivaldi antenna
act as a positive and negative leads, as shown in Fig. 6.7. The dc power
was channelled in 4 series and 4 parallel stages. With reference to Fig. 6.7,
antennas 1-4 , 5-8, 9-12, and 13-16 are connected in series by placing an
inductor in between the negative arm of one antenna and the positive arm
of the adjacent antenna (see the inset in Fig. 6.10). To merge the series col-
lected power, the negative arms of antennas 4, 8, 12 and 16 were dc shorted
by three inductors. Similarly, the positive arms of antennas 1, 5, 9, and 13
were dc connected by three inductors. Hence, the total dc power of the 4×4
panel can be tapped from the positive lead of antenna 13 and the negative











































Figure 6.9: The equivalent circuit of the 4 × 4 TCA array for the purpose of illustrating
the series and parallel current path.
A characteristic circuit model for the 16 unit cells is shown in Fig. 6.9.
The Vivaldi antenna can be modeled as a dependant voltage controlled
voltage source in series with the total resistance RA, capacitance CA and
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inductance LA of the antenna. Here the voltage developed across the feed is
dependant on the frequency of operation and the angle and the polarization
of the incident wave. The mutual coupling is mostly capacitive and is
represented by CM . The rectified power is channeled by using an inductor
LS between the cells. We emphasize that the circuit model is presented here
merely for the purpose of illustrating the dc current path rather than for
design purposes. In the circuit design, the solid lines (blue in the colored
version) running through cells 4-1, 8-5, 12-9 and 16-13 represent the series
current where each current sees 4 individual Vivaldi unit cells. The 4 series
currents are combined in 4 parallel connections as illustrated by the dashed
lines (red in the colored version). The value of the connected resistor R
across the 4 × 4 TCA surface is expected to be the same as the optimal
resistance connected across the diode of an individual cell (as obtained in
Fig. 6.2). This merely due to the fact that the number of current combining
stages being the same for the series connection and the parallel connection.
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Figure 6.10: The experimental setup showing the transmitting antenna and the TCA
surface in an anechoic chamber. The inset shows the position of both the series inductor
and the Schottky diode.
The 4×4 TCA surface was tested in an anechoic chamber with the exper-
imental setup shown in Fig 6.10. A horn antenna was excited by a signal
generator through a ZHL-16W-43-S Mini-Circuits power amplifier. The
TCA surface was placed at a distance of 1 m (≈ 10λo) from the horn an-
tenna to ensure a highly plane wave excitation. Since the diode impedance
is a function of the load resistance, the incident power level and the op-
erating frequency, three different tests were conducted to ensure the diode
operated at its optimal condition. First, the load resistance across the TCA
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surface was varied at the resonance frequency and a fixed input power level,
as shown in Fig 6.11 . It was found that the maximum efficiency of the
array was achieved when terminated by RL = 250 Ω which agrees well with
the load resistance obtained by the diode model. Figure 6.12 shows the
radiation to dc efficiency when the power level is swept while keeping the
operating frequency and the optimal load resistance fixed. The efficiency
of the array peaks when the incident power level at the TCA surface is
Pin=75 mW. Here, the power level is computed by taking the product of
the power density at the surface of the antennas and the surface area of the
TCA array.
Figure 6.11: The simulated radiation to dc power conversion efficiency with varying load
resistances connected across the 4× 4 TCA array.
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Figure 6.12: Measurement results for the radiation to dc efficiency as a function of incident
power.
Finally, the efficiency of the TCA surface as a function of frequency
was recorded at the optimal load resistance and incident power level. A
maximum radiation to dc efficiency of 60% was recorded at a frequency of
2.75 GHz as shown in Fig. 6.13.
A frequency shift of 90 MHz is observed between the measured and simu-
lated results which we partially attribute to fabrication errors. In addition,
it is evident from the results shown in Fig.6.13, 30% of the energy is lost
during the rectification process. This can be addressed by studying the ef-
ficiency of the rectification circuitry along with selecting the type of diode
that will result in low ac to dc energy conversion loss. One possible factor
that resulted in this degradation in the measured radiation to dc efficiency
131
is energy loss of higher order harmonics due to the nonlinearity of the diode.
The estimated radiation to dc efficiency obtained from simulation (please
see Fig.6.8) did not account for the possible harmonic generation by the
diode. One can design a harmonic rejection filter to suppress the harmonics
and possibly redirect the energy back to the diode for second rectification
process. However, this study is beyond the scope of this chapter since the
goal here is to introduce TCA surfaces for electromagnetic energy harvest-
ing.




Different from a metamaterial surface, a TCA surface is made of electrically
large unit cells where their size is approximately half of the free-space wave-
length at the operating frequency (λo/2). A metamaterial surface, on the
other hand, can be made by densely stacking an array of electrically small
unit cells with a size of (≈ λo/10) [141]. While both surfaces can provide full
electromagnetic wave absorption, a TCA surface provides cost effective and
simplified ac/dc power channelling solutions when used for electromagnetic
energy harvesting applications. As an illustration, if a footprint of an area
of (λ2o) is used to leverage the electromagnetic energy impinged upon it, one
can roughly fit a 2 × 2 TCA surface or a 10 × 10 metasurface as shown in






Figure 6.14: An illustration showing a footprint of area λ2o filled by (a) 2 × 2 TCA unit
cells and (b) 10 × 10 Metamaterial unit cells. The details of the unit cell topology are not
shown.
Since the collected energy is tapped from each unit cell, the TCA surface
requires a channelling network that can guide the ac energy from the cells
to multiple or a single rectifier. In the metasurface however, the channeling
network required is more intricate since the energy is tapped from, as in
the case of the example illustrated in Fig. 6.14(b), 100 unit cells [61]. This
adds losses and complexity to the design as impedance matching has to be
maintained throughout the traces leading to the rectifier. In another chan-
neling method, the diodes can be placed right at the feed of each resonator
where the channeling network guides all the dc power contribution directly
to a load. Here, the TCA surface can provide cost effective design since the
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TCA surface in the 4×4 array example discussed in this chapter requires
4 diodes only while the metasurface requires 100 diodes for the same foot-











Figure 6.15: The simulation results of the 4 × 4 TCA array showing the Poynting vector
distribution over a rectangular cross section perpendicular to the plane of the array (a)
at the resonance frequency of 2.84 GHz, and (b) at the frequency of 3.5 GHz (away from
resonance).
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It is well known in antenna theory that the absorption of an antenna(s)
from an incident plane wave is related to the scattering from that particu-
lar antenna(s). In fact, scattering from antennas is the fundamental reason
that allow antennas to absorb energy from an incident planewave [142,143].
It is shown in a number of articles that to absorb half of the energy from
an incoming wave, an antenna must scatter at least half of the energy. This
sets an upper limit to the maximum amount of energy that antennas can
absorb [144]. Interestingly, in the proposed antenna surface, however, the
antennas are tightly coupled providing a surface that is impedance matched
to the incoming planewave, allowing for almost all the incident energy to
be absorbed within the TCA surface. We emphasise here that this condi-
tion is true for a single incident polarization at the resonance frequency of
the antenna surface. As an illustration, a rectangular cross section of the
Poynting vector over the 4 × 4 Vivaldi array is shown in Fig. 6.15. In the
Figure, the magnitude of the energy flux ranges from 0 mW/m2 (blue) to
1 mW/m2 (red). At the resonance frequency of 2.84 GHz (Fig. 6.15(a)),
the surface scatters very minimal energy as illustrated by the blue arrows
with a direction pointing away from the surface. In addition, close to the
periphery of the 4 Vivaldi antennas, the magnitude peaks out as the energy
is absorbed within each Vivaldi unit cell. When the same is plotted for a
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frequency outside resonance such as 3.5 GHz, almost all the energy incident
on the TCA surface is scattered away from the surface with minimal energy
being absorbed within the Vivaldi unit cells, as shown in Fig. 6.15(b). This
is due to the fact that the TCA surface is mismatched to the free-space
impedance when operating away from the resonance frequency.
6.7 Conclusions
A demonstration of the potential to use a TCA surface for electromagnetic
energy harvesting was presented. It was shown that by using a TCA surface,
it is possible to reduce the cost of the total energy harvesting system and
simplify the channeling network as compared to a metamaterial surface. It
is important to note, however, that a TCA surface is a better choice for en-
ergy harvesting applications where the available antenna array footprint is
not constrained. In applications with severely constrained areas such as in
implantable devices for biomedical applications or remote sensing, metama-
terial cells are more suitable because of their sub-wavelength dimensions.
Furthermore, while certain metasurface energy harvesters provide similar
radiation to ac conversion efficiency to the TCA surface presented in this
work, a critical advantage provided by the TCA topology is maximizing the
power density per diode which is a critical consideration considering that
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sufficient power is needed to turn on the diode.
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Chapter 7
Energy Harvesting of Multi-polarized
Electromagnetic Waves
7.1 Introduction
In chapter 3 , a metamaterial surface inspired by the perfect absorption
concept was introduced for electromagnetic energy harvesting [64]. The
metasurface, consisting of an array of 13 × 13 electrically-small Electric
Inductive-Capacitive (ELC) [113] unit cells, was used to fully absorb an
incoming plane wave at 3 GHz. Unlike metamaterial absorbers, here the
absorbed energy is mainly dissipated across resistive loads placed at the
feed of each resonator. However, the work was focused on maximizing the
radiation to AC conversation efficiency. The array was also sensitive to
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the polarization of the incoming wave, maximizing the efficiency for only
one single polarization. What is important for electromagnetic microwave
energy harvesting/scavenging is to maximize the captured ambient energy
from all polarizations. Moreover, instead of resistive loads, a rectification
circuit has to be implemented to maximize the radiation to DC efficiency,
forming a full rectenna (rectifying antenna) system [1,34,38,47,116].
In this chapter, we propose a dual polarized electromagnetic energy har-
vester, using an array of ELC resonators to form a metamaterial medium.
The radiation to AC and the AC to DC conversion efficiencies of the array
are studied numerically and experimentally.
7.2 Design Methodology
A unit cell of the proposed dual polarized harvester is shown in Fig. 7.1. The
unit cell consists of 4× 4 cells forming a super cell. The super cell is hosted
on top of a 3.175 mm thick RT/duroid 5880 Rogers dielectric substrate,
having a loss tangent of tanδ=0.0009 and a dielectric constant of εr=2.2.
The super cell is backed by a ground plane to block the incident wave
from transmitting through the cell. Each cell contains a load resistance
placed between the ground plane and the top layer through a via. The
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position of the via is alternated for each adjacent cell to allow for capturing
the incoming wave from various incident angles, as shown in the inset of
Fig. 7.1. Each cell has dimensions of d = 17 mm, w1=0.6 mm, w2= 1.85
mm, s=0.5 mm and copper thickness of t = 35 µm. The side length of the
super cell is P = 70 mm, having a footprint area of A=49 cm2.
The choice of the number of cells contained within the super cell is specif-
ically important for the feeding network. One can choose a super cell that
contains only two cells as showing in the inset of Fig. 7.1. However, by doing
so the channeling circuitry ( which will be discussed later in further detail )
will be different and more intricate. The main advantage of grouping cells
within a super cell is to reduce the feeding ports. By designing a super cell
that contains 16 cells where each 8 cells are responsible for capturing one
single polarization, the 16 cells can be fed by only 2 feeding networks, sim-
















Figure 7.1: A schematic showing the proposed super cell of the metamaterial harvester.
The inset shows two cells with different via positioning. The inset also shows the two
proposed incident wave polarizations referred to in all sections of the chapter.
7.3 Numerical Analysis of The Radiation to AC Con-
version Efficiency
The unit cell was studied using the full wave simulator HFSS [118]. The
super cell was placed in a waveguide where the lateral walls were assigned
periodic boundary conditions in order to simulate an infinite periodic sur-
face. The waveguide was excited by a Floquet port having a power level of 1
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W and two incident wave polarizations, as shown in Fig. 7.1. The scattering
parameters for each polarization were extracted to compute the power ab-
sorption of the super cell. The absorption of the super cell can be obtained
by A(ω)=1-|S11|2-|S21|2 where the transmission coefficient |S21|2 = 0 due to
the presence of the ground plane. Figure 7.2(a) shows the absorption of the
unit cell as a function of frequency.
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Figure 7.2: A simulation study of the super cell showing (a) the absorption and (b) the
power across the resistive load both as a function of frequency. At the resonance frequency
of around 2.4 GHz, 98% of the power is trapped within the resistive load. Both figures
represent the results obtained for the two polarizations shown in (fig. 7.1). However, since
both curves perfectly overlap due to the high symmetry of the super cell, only one curve
is shown in each sub figure.
When each cell is terminated by a load resistance of R = 175 Ω, the
super cell experiences full absorption of the incoming wave at the resonance
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frequency of around 2.4 GHz. It is also critical to concentrate the loss
within the load rather than the substrate material for energy harvesting
applications. This trapped energy is later to appear across the leads of a
diode or a rectification circuitry for AC to DC power conversion. To achieve
such condition, the host material must have a very low loss (i.e. low tanδ
) at the operating frequency to minimize the dielectric losses. In addition,
a load resistance must be used to mimic a rectification circuit and to allow
for a dissipation mechanism for the absorbed energy within the cells. This
load resistance is selected carefully such that the input impedance of the cell
seen from the feeding port or the load location is matched to the impedance
of the cell. This is similar to the input impedance of a probe-fed patch
antenna where the input impedance of the antenna depends on the location
of the via, except that here the cells are highly coupled where the input
impedance can be modified by controlling the coupling effect in addition to
the feeding location. The choice of this impedance is also critical for the
rectification circuitry as it dictates the impedance of the channeling network
and the matching network between the diode and the energy collector.
Figure 7.2(b) shows the efficiency of the super cell as a function of fre-
quency. For both the absorption (Fig. 7.2(a)) and the efficiency (Fig. 7.2(b))
of the super cell, the curves represent both polarizations, as shown in
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Fig. 7.1. This efficiency is calculated by taking the ratio of the total energy
dissipated across all the 16 resistors of each cell to the incident power. It is
interesting to note here that 98% of the incident power is dissipated across
the load resistors. However, only 8 resistors are responsible for absorbing
the energy for each polarization. This can be understood by the electric
field plot across the surface of the super cell, as shown in fig. 7.3(a) for
polarization 1 and Fig. 7.3(b) for polarization 2. It is interesting to note
here that for each polarization, only 8 cells contain vias at the arms that
are parallel to the incident electric field direction. Thus, one expects the
cells to absorb half of the total incident energy at each polarization. This is
true if the cells were weekly coupled. However, since the cells are strongly
coupled, the energy from the cells that contain vias in the arms that are
orthogonal to the direction of the incident electric field is coupled to the
other 8 cells which contain vias in the arms that are parallel to the electric
field direction. This is true for both polarizations, thus the super cell ex-
periences full absorption at each polarization. This is clear from the field
plots where the 8 cells that contain vias in the arms that are parallel to the
electric field experience high field concentration for both polarizations, as
indicated by the red color.
To channel the energy to the desired load, each cell can be terminated
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(a) (b)
Figure 7.3: The E-field magnitude plot across the surface of the super cell for (a) polar-
ization 1, and (b) polarization 2.
by a diode instead of the resistor. Thus, each individual cell converts the
incident electromagnetic energy directly to DC. Then the DC power contri-
bution from each cell can be combined through DC buses to a single load as
was done in a recent work [47]. In this method [47], the number of diodes
were equal to the number of cells in the system. This can be in the range
of hundreds depending on the size of the harvester, thus the total cost of
the system increases. In addition, the AC to DC conversion losses increase
linearly with the number of diodes. Other channeling mechanism reported
recently use a feeding network to channel all the collected AC power to a
single diode or rectification circuitry [61]. In these methods, the AC losses
of the feeding network, especially for large footprints, can be significant.
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In this chapter, we propose a new channelling mechanism that combines
both AC and DC channeling networks, as shown in Fig. 7.4. The AC power
collected by the 8 cells for each polarization is combined in three stages to
one single feed. The two resulting feeds are to be connected to two separate
rectifiers for AC to DC power conversion. The AC power combining circuit
for each polarization is not necessarily the same due to the limited space











Figure 7.4: A schematic showing the proposed feeding network for the super cell. The
feeding networks for the two orthogonal polarizations, 1 and 2, are not identical to allow
for sufficient space for the rectifiers to be integrated on the same layer. (a) Back view. (b)
Front view. The o and x marks show the location of the vias used for polarization 1 and 2.
The feeding network is placed on top of an RO4003 Rogers dielectric
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substrate having a thickness of 1.524 mm, loss tangent of tanδ=0.0027,
and a dielectric constant of εr=3.55. The feed network was attached at
the bottom of the super cell material, forming three separate layers with
two different substrate materials. The ground plane is sandwiched between
the two materials and the cells are connected to the feed network through
via holes. The feed network along with the super cell were simulated as
one system. Each feed location (shown in Fig. 7.4) was assigned a lumped
source with an impedance of R=175 Ω. The periodic boundary condition
was applied to the lateral walls similar to the boundary condition assigned
for the super cell except that the top and bottom sides of the waveguide
were assigned absorbing boundary conditions instead of excitation ports
to analyse the system in the transmitting mode. The transmitting mode
analysis is performed to find the directional input impedance of the super
cell looking from the feed location, as showing in Fig. 7.4. This impedance
is used later to match the rectifier with the super cell for each polarization.
The simulated scattering parameters are shown in Fig. 7.5(a), where S11
and S22 are the reflection coefficients of polarizations 1 and 2, respectively.
Both reflection coefficients show good matching at the resonance frequency
with a value of less than -20 dB for each polarization. The transmission co-
efficient S21 between the two feeds is almost negligible, indicating that the
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cross talk between the two feeds is minimal. This is critical so that the feed-
ing transmission lines for each polarization does not effect the impedance
of each feeding network, thus the rectifier will always experience the same
input impedance from the super cell side.
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Figure 7.5: A simulation plot of (a) the scattering parameters showing the reflection co-
efficient of each polarization (S11 and S22) and the transmitting coefficient (S21) between
the two feeds(see Fig. 7.4) and (b) the radiation to AC efficiency of the super cell when
connected to the feeding network through via holes for both polarizations.
The complete system is then analysed in the receiving mode to test the
amount of energy captured from each incident polarization. The two feeds
where terminated by R=175 Ω and the super cell was excited by an incident
wave having a normalized power of 1 W. The radiation to AC efficiency of
both polarizations is shown in Fig. 7.5(b). For both polarizations, the radi-
ation to AC efficiency of the unit cell was 92% at the resonance frequency
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of 2.4 GHz. This shows that the loss of the feeding network was 5% since
the radiation to AC efficiency of the super cell without feeding is 97% as
reported earlier.
7.4 Numerical Analysis of The AC to DC Conversion
Efficiency
Taking into consideration the results obtained for the radiation to AC power
conversion, a rectification circuitry was designed to build a full rectenna
system. A rectifier circuit was simulated in ADS for each polarization.
In the simulation, the Z parameters that were obtained from the full-wave
numerical simulation for each polarization were extracted and imported into
ADS. Then a 1-tone frequency power source was used to mimic the super
cell looking from the feeding location (see Fig. 7.4) for each polarization.
The Z parameters were inserted into a Data Access Component (DAC) and
then it was assigned as the input impedance of the power source. This
way the power source will have a different impedance at every frequency
to mimic the real impedance of the super cell for each polarization. The
rectifier circuit schematic built in ADS is shown in fig. 7.6. The rectifier
circuit designed for each polarization has the same circuit layout but with
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different transmission lines length and width. The length (L) and width (W)
for each transmission line is given in Table 7.1 where the subscript number











Figure 7.6: A circuit schematic showing the rectifier circuit designed in ADS. The layout
is for both polarizations but with different parameters for each polarization as listed in
Table 1. There is a total of 7 microstrip transmission line segments where TLn refers to
the nth segment.
In the simulation, the Harmonic Balance (HB) simulator was used to
analyse the rectifiers due to the presence of the nonlinear diodes. The
circuit contains a series transmission line, shorted stub and open circuited
stub between the super cell and the diode. A series HSMS 2860 Schottky
diode was used for its low turn on voltage of 0.28 V and fast switching speed
at the frequency of operation of 2.4 GHz. In addition, two open circuited
stubs and two series transmission lines were used between the diode and
the RC circuit to ensure a good match between the diode and the load
resistance and to filter out all the higher order components of the waveform
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Table 7.1: The rectifier parameters of the circuit layout of fig. 7.6 for both polarizations.
All the listed parameter are in (mm)








before reaching the load. A shunt capacitor of 120 pF was selected to appear
as a short circuit for higher frequencies and an open circuit for the rectified
DC power. The rectifier was designed to have an impedance conjugate to
that of the super cell for each polarization in order to maximize the power
transfer between the energy collector and the rectifier. The Large Signal
S-Parameters (LSSP) simulator was used in ADS to analyse the reflection
coefficient of the rectifier for each polarization, as shown in Fig. 7.7(a).
The diode’s input impedance and performance are significantly dependent
on the input power level. For low power levels, small signal analysis can
be used to obtain accurate results of the diode’s response. However, once
higher power levels are used to drive the diode, LSSP analysis must be used
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for accurate prediction of the diode’s behaviour. The reflection coefficients
of the rectifier for both polarizations show a well matched condition around
the resonance frequency. The obtained profile for both rectifiers shown
in Fig. 7.7(a) are similar to the one obtained by the full-wave simulation
(see Fig. 7.5(a)) for the super cell. This is due to the fact that the 1-tone
frequency power source in ADS was assigned a frequency dependant input
impedance that mimics the input impedance of the super cell.
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Figure 7.7: Simulation results showing (a) the reflection coefficient of the rectifier for
each polarization (S11 and S22) using the LSSP simulator in ADS, and (b) the AC to DC
conversion efficiency of the rectifier for each polarization as a function of frequency.
In addition, the AC to DC power conversion of the rectifier was analysed
for each polarization as shown in Fig. 7.7(b). The efficiency was calculated
by taking the ratio of the power dissipated across the load to the input power
assigned at the 1-tone frequency power source. The simulated efficiency
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shows that the rectifiers for both polarizations were capable of converting
around 80% of the AC power collected by the super cell to DC power across
the load resistance of R=1500 Ω. Furthermore, there is at least 10% of an
inevitable intrinsic losses attributed to the power conversion process by the
diode.
The effect of the input power level for both rectifiers on the AC to DC
efficiency was also analysed to ensure that the rectifiers perform at their
maximum efficiency. The rectifier was fed by a sweep of input power to
analyse the magnitude of the AC to DC power conversion as a function of
the input power. The simulated input power sweep as a function of AC to
DC efficiency is shown in Fig. 7.8 for both polarizations. From both curves,
the rectifiers experience the highest efficiency at around 9 dBm of input
power.
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Figure 7.8: Simulation results showing the efficiency of the rectifier for each polarization
as a function of input power level.
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7.5 Experimental Verification
In light of the results obtained from the full-wave simulation for the ra-
diation to AC analysis and the results obtained from ADS for the AC to
DC analysis, a full rectenna system was built as shown in the photos of
Fig. 7.9(a) and (b). Nine super cells were built with a total of 144 cells
on RT 5880 Rogers duroid substrate material. The feeding networks along
with the rectifiers were built on an RO 4003 material. Both materials were
stacked together to form a system with three layers and two substrates. The
middle super cell was terminated by a Schottky diode, a shunt capacitor
and a variable resistor for each polarization. The other 8 super cells were
terminated by the matched load resistance of R = 175 Ω. The experiment
was performed in an anechoic chamber with a setup as shown in Fig. 7.9(c).
A photo of the measurement setup is shown in Fig. 7.9(d).
In the measurement, a 10 dBi gain horn antenna was used as a trans-
mitting antenna. The horn antenna was fed with an E4438C keysight ESG
Vector Signal Generator having a maximum power and frequency of 25 dBm
and 6 GHz, respectively. To control the amount of power fed to the horn
antenna, a Mini Circuits High Power Amplifier ZHL-16W-43-S is connected
between the horn antenna and the signal generator. The metasurface was












Figure 7.9: A photograph of the fabricated rectifying metasurface (a) top layer and (b)
bottom layer showing the feeding network along with the rectifier for both polarizations.
Sub-figure (c) shows a schematic of the experimental setup used in the experiment hosted in
side an anechoic chamber. Sub-figure (d) shows the experimental setup inside an anechoic
chamber.
each variable resistor for each polarization was measured separately using a
multi-meter. The radiation to DC power conversion efficiency of the super
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where PT and GT are the power and gain of the transmitting antenna, re-
spectively, and A represents the entire footprint or area of the super cell
which is A = 49 cm2. In addition, Pout is the total DC power developed
across the resistive loads of each rectifier. It is critical to ensure that the
rectifier is operating at its optimal incident power level and load resistance
for maximum power delivery between the super cell and the rectifier. There-
fore, the load resistances across the rectifier of polarization 1 and 2 were
swept and the radiation to DC power conversion efficiency was measured
at each input power level. Figure 7.10(a) shows that both polarizations
experience a peak efficiency at approximately 250 Ω.
The incident power was then swept as a function of efficiency while both
rectifiers are terminated by the optimal resistance of 250 Ω. The curves
for both polarizations in Fig. 7.10(b) show that the efficiency is maximum
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Figure 7.10: Measurement results showing (a) the efficiency of the rectifier for each polar-
ization as a function of load resistance (b) the efficiency of the rectifier for each polarization
as a function of input power level.
when the incident power was around 9 dBm. Here, the incident power is
referred to as the real power falling on the surface of the middle super cell
which is calculated by the product of the footprint area (A) and the power
density at the surface of the harvester.
The efficiency of the rectenna system is then analysed as a function
of frequency. In this measurement step, the incident power and the load
resistance were fixed at the optimal values obtained above. In addition to
the two incident polarizations proposed in Fig. 7.1, four additional incident
angles of 15◦, 30◦, 45◦ and 60◦ were also tested. The angle θ is measured
with respect to the clockwise rotation of the E field vector of polarization
1 as shown in Fig. 7.1. Figure 7.11 shows the radiation to DC efficiency as
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a function of frequency for six incident angles. In the figure, polarization
1 and 2 are referred to as 0◦ and 90◦, respectively. It is evident from the
plot that the super cell is capable of capturing the microwave energy and
converting around 70% of the collected energy to usable DC power across
the load resistance. Moreover, the profile of the efficiency curves for all
incident angles overlap having a peak efficiency at a frequency of 2.1 GHz.
This is very critical as the main goal of a multi-polarized harvester is to
capture the incident energy maximally from different angles at a specific
or a range of frequencies. The measured optimal frequency has a slight
deviation from the designed one due to fabrication errors. Although the
measured optimal power level of 9 dBm was identical to the simulated one,
the measured optimal load resistance was different from the one obtained
through simulation. This is attributed mainly to the slight frequency shift
experienced at the measurement. Due to the nonlinearity of the diode, the
efficiency of the rectenna system is a function of the operating frequency, the
incident power level and the load resistance. The variation of the optimal
resistance when a slight shift of the operation frequency occurs is indicative
of the sensitivity of the efficiency of the system due to any change in the
resonance frequency. This was not the case for the input power as the input
power did not experience significant changes when the operating frequency
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was changed. However, since the load resistance and the incident power level
were swept for maximum efficiency during the measurement, the diode was
ensured to operate at its maximum operation point.
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Figure 7.11: Measurement results showing the efficiency of the rectifier as a function of
frequency for various incident angles.
7.6 Discussion
When an infinite array of the super cells shown in Fig. 7.1 is arranged
in a periodic fashion, a surface is created with an impedance matched to
the free-space impedance. Such feature is the key advantage to the current
design and the main reason that enable metasurfaces to be an excellent can-
didate for electromagnetic energy harvesting. When an incident planewave
strikes a metasurface that is matched to the free-space impedance, almost
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all the energy is absorbed within the metasurface harvester with minimal
energy scattered away from the interface of the structure. To illustrate
this concept, 12× 12 cells with nine super cells were simulated numerically.
In the simulation, the metasurface was excited by a planewave with two
polarizations as depicted in Fig. 7.1. The metasurface was enclosed by a
absorbing boundary condition to ensure no power is reflected back to the
metasurface from the boundary walls. Figure 7.12 shows a rectangular cross
section of the Poynting vector perpendicular to the metasurface array for
both polarizations. The range of colors represents the magnitude of the
energy flux ranging between the lowest of 0 mW/m2 (deep blue) to the
largest of 1 mW/m2 (deep red). When the plane wave hits the metasurface
at the resonance frequency of 2.4 GHz (see Fig. 7.12(a) for polarization 1
and Fig. 7.12(c) for polarization 2) , the energy is absorbed by the cells as
depicted by the red color close to the metasurface interface. In addition,
minimal energy is scattered/reflected away from the surface as illustrated
by the blue colored arrows pointing away from the surface. This indicates
that the energy is absorbed within the metasurface array at the resonance
frequency. Away from the resonance frequency (i.e., 4 GHz), however, the
metasurface acts as a reflector as depicted by the red colored arrows point-
ing away from the metasurface as shown in Fig. 7.12(b) for polarization 1
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and Fig. 7.12(d) for polarization 2.
Although the designed metasurface at the resonance frequency experi-
ences full absorption, this does not necessarily qualify it as an energy har-
vester. This is due to the fact that the absorbed energy can be lost within
the dielectric substrate as the case in previous metasurface absorbers pre-
sented in the literature [82]. In metamaterial absorbers, the main goal is to
absorb the energy regardless of where the absorbed energy is lost. However,
in metamaterial harvesters, the metasurface must be able to: (1) absorb all
the energy from the incoming wave, (2) deliver all the absorbed energy to
the load, and (3) replace the load with a rectification circuitry and convert
the collected AC energy to DC. From Fig. 7.2(a) and (b) it is evident that
point (1) and (2) are satisfied. Minimizing the rectification losses (point
(3)) remains a challenge due to the inevitable losses of the diode during
the turn on process. In addition, the generation of harmonics from the
nonlinearity of the diode is another source of losses. Although it is beyond
the scope of the present study, it is suspected that such losses can be mini-





Figure 7.12: The simulation results of the 12× 12 cells array showing the Poynting vector
distribution over a rectangular cross section perpendicular to the plane of the array for (a)
polarization 1 at the resonance frequency of 2.4 GHz (b) polarization 1 at a frequency of 4
GHz (away from resonance).(c) polarization 2 at the resonance frequency of 2.4 GHz, and
(d) polarization 2 at a frequency of 4 GHz. Darkest blue corresponds to 0 mW/m2 and
darkest red corresponds to 1 mW/m2.
7.7 Methods
Simulation: The radiation to ac efficiency simulation of the super cell was
performed using the full-wave numerical simulation tool HFSS. In the simu-
lation the super cell was placed inside a waveguide with periodic boundary
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condition assignment on the lateral walls. Master and slave periodic bound-
ary condition was used for the four lateral walls to simulate the super cell in
the presence of an infinite array as shown in Fig. 7.13. The top and bottom
sides of the waveguide were assigned with Floquet excitation ports with
modes that support the two proposed polarizations illustrated in Fig. 7.1.
The load resistors were modeled as a lossy sheet and the energy dissipated
across each resistor was calculated using the surface loss density formula
embedded in the simulator’s calculator. The simulations were performed
in two stages: first, with reference to Fig. 7.1, each cell was terminated
by a resistor having a resistance value of 175 Ω. Then, the super cell was
studied in terms of power absorption and power dissipation across the total
16 resistors. Then, a feeding network was placed at a different layer and
the energy from each cell was channelled to the feeding networks through
via holes running through the two substrates and the ground plane. The
second stage of the simulation was performed on the super cell including
the feeding network. The energy captured by each 8 cells ( having the same
polarization) was channelled to one feeding network. Hence, each super
cell contains two channeling networks, one network for each polarization as
depicted in Fig. 7.4. At the end of each feeding network, a resistive sheet
is placed between the end of the feeding line and the ground plane. The
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super cell along with the feeding network was simulated in the transmitting
mode by replacing the Floquet excitation ports in Fig. 7.13 with absorbing
boundaries. In addition, the two resistive sheets at the end of each feed line








Figure 7.13: An illustration to clarify the periodic boundary condition simulation setup of
the super cell in HFSS.
The AC to DC simulation of the rectifier was performed using the cir-
cuit simulator ADS. First, the impedance matrix of the super cell obtained
for each polarization in the transmitting mode analysis from the full-wave
simulation was extracted and saved in a citi file format. Here the Z matrix
is refereed to as the directional impedance at the feed location circled in
Fig. 7.4 for each polarization. Then the file is imported in ADS and saved
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in a DAC component. A single tone frequency power source was used with
an internal frequency dependant impedance identical to that of the super
cell for each polarization. This will ensure that the rectifier is energized by
a source that has the same impedance as the super cell’s input impedance
and hence impedance matching between the super cell and the rectifier can
be performed. The HSMS 2860 Schottky diode chip can be modeled with its
series resistance RS in series with a parallel combination of the diode’s junc-
tion capacitance Cj and junction resistance Rj as illustrated in Fig. 7.14(a).
However, to account for the parasitic capacitances and inductances due to
the bondwire, leadframe and the diode packaging, the diode model can be
extended to the circuit shown in Fig. 7.14(b). In the circuit model, LL is
the leadframe inductance, CL is the leadframe capacitance and LB is the
inductance due to the bondwires [2]. The rectifier was analysed using the
LSSP and HB simulators to account for the nonlinearity effect of the diode.
Then two different rectifiers were designed accordingly and the traces for
the rectifier were added after the feed location for each polarization (see
Fig. 7.4) before the fabrication stage.
Fabrication: In the fabrication stage, a 3× 3 super cell array was fab-
rication which contains 12× 12 cells. The full system consists of 3 different

















Figure 7.14: Circuit model for (a)the diode chip, and (b) the diode chip including the
parasitic inductances and capacitances of the packaging, leadframe and the bondwires [2].
single super cell. The first layer consists of the resonators which are hosted
on top of the RT5880 Rogers dielectric material. Then a ground plane is
sandwiched between the two dielectric materials (RT5880) and (RO4003).
The feeding network along with the rectifiers were placed at the third layer
hosted at the bottom of the RO4003 dielectric substrate. The ground plane
contains circular holes to ensure that the vias running through the holes
(connecting the resonators at layer 1 to the feeding network at layer 3)
do not touch the ground plane. The final fabricated system is shown in







Figure 7.15: A schematic showing an exploded view of the 3 layers and the two substrates
within a super cell.
7.8 Conclusion
We demonstrated the design of a microwave energy harvester that is capable
of scavenging energy from multiple polarizations. A super cell consisting of
4 × 4 cells was designed and analysed for maximum radiation to ac con-
version efficiency. The collected energy was guided to the load resistance
through a hybrid channeling mechanism that combines AC and DC chan-
neling networks. A rectifier was then designed and attached along with a
feeding network at a different layer to convert the collected AC power to
DC. The obtained measurement results agree well with the simulated ones
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aside from a slight shift in the resonance frequency due to fabrication error.
Although the proposed energy harvester showed excellent ability to capture
the incoming energy from various polarizations, it suffers from a narrow
bandwidth. Future work will address this issue.
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Chapter 8
Infrared Energy Harvesting using
Metasurfaces
8.1 Introduction
The growing demand of electricity around the globe due to population and
economic growth coupled with the scarcity and environmental impact of
conventional energy resources such as fossil fuels are the main drives for
the increasing interest in renewable clean energy. Harvesting solar radia-
tion holds a great promise to solving the current energy crisis due to its
abundance at sealevel [66]. Solar radiation spans a wide spectrum includ-
ing ultraviolet, visible and infrared regimes. The infrared radiation is the
chief contributor accounting for 52% of the total solar energy reaching the
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earth [145].
Photovoltaics are the most commonly used devices to harvest solar ra-
diation [146]. To excite an electron and allow it to jump from the valence
band to the conduction band, a photon with energy slightly greater than the
band gap energy is required. However, a great portion of the solar spectrum
provides energies much greater than the band gap energy of commonly used
semiconductor materials. Thus, the solar cell utilizes a portion of the pho-
ton energy to create an electron-hole pair and the rest of the energy is lost
through lattice vibration [147]. This limits a single-junction solar cell to a
maximum theoretical conversion efficiency of ≈ 31% [148]. To overcome this
limitation, multi-junction solar cells are used to create multiple bandgaps
that respond to different wavelengths providing efficiencies slightly above
40% [149].
As an alternative means to harvest solar energy with higher efficiencies,
Bailey theorized the use of nano-scale rectennas operating at optical fre-
quencies [150]. An optical rectenna consists of a nano antenna to capture
solar radiation and a rectifier, Metal Insulator Metal (MIM) diode [151],
to convert the captured energy to useful DC power. The recent advance-
ments in nanotechnology enabled the possibility to fabricate optical anten-
nas [152]. The fact that optical rectennas can capture solar energy during
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the day and night with wideband reception and higher theoretical conver-
sion efficiency make them advantageous over photovoltaic technology. A
number of articles demonstrated full rectenna systems operating at optical
frequencies [67, 153]. However, the reported efficiencies were less than 1%
due to the large mismatch between the MIM diode and the antenna. In
a recent article, a novel rectenna design involving an MIM diode with a
small contact area and a very thin oxide layer is used to offer low zero bias
resistance that can be easily matched to the antenna and hence increase the
overall rectenna system conversion efficiency [153].
The efficiency of the rectenna system depends on the rectification cir-
cuitry but more critically on the electromagnetic collector which is the pri-
mary wave-to-signal energy transducer in the system. Most of the articles
that presented the design and fabrication of optical antennas focus on en-
hancing the localized field within the feeding point of the antenna [154].
Such measure is indicative of the ability of the antenna to localize the elec-
tric field from an impinging planewave within a small area to create a hot
spot. For optical antennas used for electromagnetic energy harvesting, it is
more meaningful to analyse the antenna in terms of the power conversion
efficiency per unit area of the antenna or energy collecting structure. This
quantifies the ability of the antenna to capture and channel the electromag-
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netic energy to the feeding point of the antenna from an incoming wave,
and also facilitates comparison with other system [59].
In this chapter, we focus in the first link of the optical rectenna system.
We present a metasurface made of electrically-small resonators based on the
perfect absorption concept that is capable of capturing the electromagnetic
energy from an incoming planewave and channeling the energy to a resistive
load. This concept were proven successful in earlier work where a near
unity energy harvesting metasurface comprising 13 × 13 electrically-small
resonators was shown to provide 97% radiation to AC conversion efficiency
at the microwave regime [64]. Here, we show through full-wave numerical
simulation that a metamaterial medium operating at the infrared regime
can achieve conversion efficiencies higher than 90%.
The proposed metamaterial infrared energy harvester design is inspired
by the concept of perfect absorption. Infrared metasurface perfect absorbers
consist of an array of sub-wavelength unit cells that is capable of absorb-
ing all the energy from an incoming wave [155–157]. This is achievable
by simultaneously minimizing the reflectivity and transmissivity from and
through the medium. By tailoring the effective µ and ε, the metasurface
impedance can be matched to the free space impedance, thus minimizing re-
flections. Wave transmission through the surface can be minimized by plac-
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ing a backed ground plane thicker than the skin depth of the incoming wave.
In addition, a lossy substrate can be used to dissipate the absorbed energy;
therefore, all the energy from an impinged plane wave is absorbed and con-
sumed within the medium. This fact is the initial impetus to use such
medium as infrared energy harvesters. However, it was shown in reported
metasurface absorbers that a lossy substrate is the main component respon-
sible for consuming the absorbed energy [158]. A metamaterial harvester
consisting of split-ring resonators arranged in symmetric and asymmetric
configurations were used to capture infrared energy at around 500GHz [87].
In this work, we design of a metamaterial absorber such that the absorbed
energy is channelled and delivered to a resistive load, hence it can be used
to energize a load instead of being lost in the dielectric substrate.
8.2 Results and Discussion
The proposed metasurface harvester comprised of H-shaped electrically-
small resonators is shown in Fig. 8.1. A number of H-shaped resonators
with various configurations were introduced in the literature as a building
block for metamaterial media [159,160]. However, The proposed H-Shaped
cell is modified to fit the targeted application. The resonator was designed





















Figure 8.1: A schematic showing the proposed H-shaped metamaterial harvester (a) top
view and (b) prospective view
s=0.6µm, t1=0.07µm and a unit cell size of d=1.5µm. The resonator was
placed on top of a silicon substrate with a height of h=3.55µm and a di-
electric constant of εr = 11.9. The silicon substrate was chosen to minimize
dielectric loss as it experiences low energy absorption at the operating fre-
quency since the bandgap energy of silicon is much higher than the photon
energy at infrared regime. The unit cell is backed by a ground plane hav-
ing a thickness of t2=0.07µm to minimize energy transmission through the
medium. Both the H resonator and the ground plane were made of sliver
because its low conductive loss at the resonance frequency. The frequency
of the H resonator was designed to capture energy during day and night. In
addition, to the energy absorption from the sun radiation, the earth re-emits
a large amount of infrared energy when it cools off at night. This re-radiated
energy peaks at around 30THz, hence the design frequency chosen in this
176
work.
Using CST MICROWAVE STUDIO, [161] the unit cell was numerically
excited by a waveguide having perfect magnetic (x − z plane) and perfect
electric (y−z plane) boundaries to ensure TEM mode excitation as shown in
Fig. 8.1. Both the H resonator and the ground plane were modeled as silver
using a Drude model having a plasma frequency of 2174THz and damping
frequency of 4.35THz [162]. A resistive load was placed within the gap of
the resonator to mimic a full rectification circuitry. The resistance of the
load was selected such that it equals to the input resistance of the resonator
when looking from the port of the gap. It was found from the simulation
results that the resonator absorb maximum energy when terminated by a
resistance of 90 Ω. The scattering parameters of the resonator is extracted
when the resonator is terminated by the optimal load resistance. Plots of the
absorption, reflection and transmission (Fig. 8.2) show that the resonator
experiences full absorption at the operating frequency of 30THz. Although
full energy absorption by the resonator is achieved, it is critical to analyse
the energy distribution within the resonator as this energy can be dissipated
anywhere within the unit cell.
The energy consumed within the unit cell is analyzed as shown in Fig. 8.3.
From the Figure, we can observe that 96% of the energy is dissipated by the
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Figure 8.2: Simulation results showing the absorption, reflection and transmission for a
single H-resonator unit cell.

























Figure 8.3: Simulation results showing the power distribution of the absorbed energy within
a single H-resonator unit cell.
terminated load impedance. This is different from the power distribution
within the reported infrared metasurface absorbers where the energy was
mostly consumed within the dielectric host material [158]. This is due to
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the fact that silicon is a poor absorber at the operating frequency and it was
used as a dielectric substrate to minimize dielectric loss. In addition, the
inserted load resistance created a different means to dissipate the absorbed
energy within the unit cell. By placing a resistive load across the gap of
the resonator, a path for the current is created to flow from one arm of the
resonator to the other. This can be clearly seen from the surface current
distribution plot shown in Fig. 8.4(a) where high concentration of surface
current is flowing across the connected load. However, when the load resis-
tance is not present, the maximum magnitude of the surface current within
the arms of the resonator reduces by half as shown in Fig. 8.4(b). In addi-
tion to the high absorption efficiency of the proposed metasurface harvester,
the optimal load impedance connected across the gap can be tuned to match
the desired rectification circuitry. The optimal load impedance strongly de-
pends on the resonator dimensions and most critically on the periodicity of
the cell denoted by d in Fig. 8.1. Therefore, by varying the resonator dimen-
sions along with the periodicity of the cell one can tune the resonator to the
desired load resistance. This can be critical when a low input impedance
MIM diode is connected across the gap of the resonator such as the diode
presented in [153].
The design was extended to provide energy reception from two orthog-
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(a) (b)
Figure 8.4: Surface current density on the H-resonator (a) with a load and (b) without a
load. Dark blue corresponds to 0 A/m and dark red corresponds to 10000A/m.
onal polarizations. The sun emits energy that is randomly polarized in
addition to the fact that the angle of maximum solar radiation intensity
changes with time. In addition, the re-emitted infrared energy from the
earth surface during the earth cooling period at night ranges in wavelength
between approximately 7µm - 14µm [67]. Hence, it is critical to maximize
energy reception within this frequency range from different angles.
Two cross polarized H-resonators with identical dimension and mate-
rial to the one presented above was designed as shown in Fig. 8.5(a). The
top and bottom resonators were hosted on a silicon substrate of heights
h1=4.54µm and h2=4.63µm, respectively. The metasurface harvester was
backed by a ground plane with a thickness of t2 = 0.07 µm as shown in
Fig. 8.5(b). The 5-layer unit cell was excited by a waveguide with two dif-





















Figure 8.5: A schematic showing the proposed dual polarized H-shaped metamaterial har-
vester (a) prospective view and (b) side view.
energy from various angles. The polarization of the two excitation cases
are shown in Fig. 8.5(a). For each case, the scattering parameters were ex-
tracted to plot the energy absorption within the unit cell. Figure 8.6 shows
that the unit cell experiences full energy absorption at both polarization
cases. In addition, full absorption occurs at multiple bands in particular
25THz, 30THz, and 34THz. All the 3 operating bands were carefully de-
signed to lie within the range of the earth emitted infrared energy at night
time. If different bands were desired, one can change the resonator size, sub-
strate thickness and the periodicity of the unit cell to operate at different
181
frequency bands.



















Figure 8.6: Simulation results showing the absorption of the two proposed polarization
cases.
The power distribution of the absorbed energy within the 5-layer energy
harvester is shown in Fig. 8.7. For the polarization of case I, the unit cell
dissipated more than 92% of the absorbed energy across the load resistance.
The top resonator is the main contributor to the absorbed energy at the
polarization of case I. For case II, the unit cell consumed more than 88% of
the absorbed energy across the load of the bottom resonator. In both cases,
the unit cell showed energy absorption and channelling to the connected load
at the same three bands. This can be attributed to the multi-resonances of
the unit cell due to the presence of two substrate materials having different
heights. Such features are very critical to maximize energy harvesting in
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Figure 8.7: Simulation results showing the power distribution of the absorbed energy within
the dual polarized 5-layer H-resonator unit cell.
the infrared regime.
It is important to note here that a full and practical realization of the
H-resonator metasurface collector/antenna require termination by an MIM
diode placed within each gap resonator. Then the energy collected from
each cell is combined through power combining network. Although high
efficiencies were achieved in both the single and dual polarized unit cells,
the silver metallic layers consumed 4% and 12% of the absorbed energy for
the single and dual polarized unit cells, respectively. This can be significant
loss especially if the mismatch between the diode and the antenna is high.
Therefore, low loss metallic materials can be used to minimize the energy
dissipated within the resonator and ground layers.
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8.3 Conclusion
We presented a numerical study of an infrared metasurface harvester in-
spired by the perfect absorption concept. The metasurface unit cell was
capable of channeling 96% of the absorbed power to a resistive load con-
nected across the gap of the resonator. In addition, a 5-layer unit cell was
introduced to provide dual polarization with multiple reception bands. The
frequency of operation is selected such that the harvester receives infrared
energy throughout the day.
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Chapter 9
Accomplished and Future Work
9.1 Accomplished Work
The following list include a summary of the work accomplished in this thesis:
1. A detailed analysis of the radiation to AC conversion efficiency of a
common type of antennas (patch antenna) was studied based on the
efficiency definition presented in this dissertation (Chapter 2).
2. An electromagnetic energy collector based on an array of SRRs that
is capable of achieving higher radiation to AC conversion efficiency
relative to the collectors presented in the literature was proposed and
verified numerically and experimentally (Chapter 2).
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3. A highly efficient collector that can achieve near unity radiation to
AC conversion efficiency based on the full absorption concept using
electrically small unit cells was presented and verified numerically and
experimentally (Chapter 3).
4. A method for enhancing radiation to AC conversion efficiency of elec-
tromagnetic energy harvesting systems was proposed using 3-dimensional
stacked metamaterial arrays (Chapter 4).
5. A method for enhancing radiation to DC conversion efficiency of elec-
tromagnetic energy harvesting systems was proposed using 3-dimensional
stacked folded dipole antenna arrays (Chapter 5).
6. A highly efficient collector that can achieve near unity radiation to
AC conversion efficiency based on the full absorption concept using
electrically large unit cells was presented and verified numerically and
experimentally. In addition, a simplified channeling methodology to
channel the collected AC power and convert it to DC power across a
single load using series inductors was achieved (Chapter 6).
7. A near unity efficient collector that can collect the radiation energy in
the microwave regime from multi-polarized plane wave was presented
(Chapter 7).
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8. A feasibility study of a near unity efficient collector, that can capture
the infrared energy and channel it to a resistive load with efficien-
cies higher than 90% at three frequency bands, was analysed numeri-
cally (Chapter 8).
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9.3 Future Work
1. Analyze and compare different ways to channel the collected AC
power to DC that can maximize the overall radiation to DC conversion
efficiency.
2. Extend the stacking method introduced in (Chapter 4 & 5) by com-
bining vertical and horizontal stacked arrays that could further increase
the conversion efficiency of the 3-D harvesting system. In (Chapter 4
& 5) only vertical stacking is studied, however the space between two
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vertical panels can be used to include cross-polarized arrays stacked
horizontally to further increase the collection efficiency.
3. Apply the proposed collectors and methods to engineering applica-
tions. Due to the great efficiency enhancement, the proposed method
can be applied to applications such as remote battery charging, RFID’s,
Space Solar Power and much more.
4. Fabricate the infrared near unity collector presented in (Chapter 8)
and test it experimentally.
5. Extend the infrared near unity collector work presented in (Chapter
8) by replacing the resistors with MIM diodes to convert the collected
AC power to DC.
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